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Shoulder: Instability

Michael J. Tuite and Christian W. A. Pfirrmann

Learning Objectives

e To know the types of glenohumeral instability and
anatomic factors for the development of glenohu-
meral instability.

e To understand the concept of the glenoid track and
the engaging Hill-Sachs lesion.

* To understand the MR appearance of SLAP tears,
overhead thrower labral tears, and the labral tears
associated with spinoglenoid notch cysts.

e To understand how to distinguish labral tears from
normal labral variants.

1.1 Glenohumeral Instability

Glenohumeral instability is the inability to keep the humeral
head centered in the glenoid fossa. Glenohumeral instability can
be classified according to etiology and direction of instability.

Glenohumeral instability can be classified into static insta-
bilities, dynamic instabilities, and voluntary dislocation [1].

Static instability is associated with significant structural
alteration of the shoulder, for example, large rotator cuff
tears or a glenoid dysplasia with consecutive static decenter-
ing of the humeral head.

Dynamic instability is the classic form of instability, com-
monly caused by trauma, and is usually associated with inju-
ries to the labrum, to the glenohumeral ligaments, and often
with fractures of the glenoid rim. Dynamic instability may
also be associated with general hyperlaxity.
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Glenohumeral instability may be unidirectional (anterior
instability or posterior instability) or multidirectional.
Multidirectional instability is affecting a minority of patients.

The classification in traumatic instability and atraumatic
instability is important from an imaging perspective. Both
instabilities are characterized by recurrent dislocations of the
glenohumeral joint. However, in traumatic instabilities,
structural changes such as labral, ligamentous, and bony
lesions are highly prevalent. In atraumatic instabilities the
glenohumeral joint may not exhibit any injuries [2].

Key Point
e In atraumatic instabilities the glenohumeral joint
may be normal at imaging.

The labrum, the ligaments, and the bony structures con-
tribute to the stability of the glenohumeral joint. Usually, the
labrum receives the highest attention at imaging. However,
the glenoid labrum only contributes about 10% to the stabil-
ity glenohumeral joint. Therefore, it is important to also
include the glenohumeral ligaments and the bony structures
into a comprehensive imaging assessment.

1.2  Anterior Instability

1.2.1 Labral Lesions in Anterior Instability
Bankart lesion: The “Bankart lesion” was described by A. S.
Blundell Bankart in the British Medical Journal in 1923 [3].
The Bankart lesion consists of a tear of the anteroinferior
labrum. The labrum and the periosteum are completely
detached. Therefore, the labrum seems to float distant to the
glenoid rim when viewed at arthroscopy or on transverse
MRI sections (Fig. 1.1).
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Fig. 1.1 Bankart lesion

Axial fluid sensitive fat-saturated MR arthrography image shows a
Bankart lesion (red arrow) consisting of a tear of the antero-inferior
labrum. The labrum and the periosteum are completely detached.
Therefore, the labrum seems to float distant to the glenoid rim

Fig. 1.2 Perthes lesion

Axial fluid sensitive fat-saturated MR arthrography image shows the
anteroinferior labrum (red arrow) detached from the edge of the glenoid
but still attached to the intact periosteum

Perthes lesion: The Perthes lesion was described some
years earlier than the Bankart lesion in 1906 [4]. The antero-
inferior labrum is detached from the edge of the glenoid but
still attached to the intact periosteum. Often the labrum may
be almost normally positioned at imaging. However, func-
tionally the labrum no longer adds to the stability glenohu-
meral joint (Fig. 1.2).

ALPSA lesion: In 1993 Neviaser [5] described the anterior
labro-ligamentous periosteal sleeve avulsion (ALPSA)
lesion as a cause for anterior instability of the shoulder. In
the ALPSA lesion, the periosteum between the labrum and
glenoid remains intact. The detached labrum displaces medi-
ally and inferiorly. The labrum and the periosteum heal on
the scapular neck (Fig. 1.3).

Fig. 1.3 ALPSA lesion

Axial fluid sensitive fat-saturated MR arthrography image shows an
ALPSA lesion (red arrow). The detached labrum is medially displaced
and scarred to the glenoid neck

Fig. 1.4 GLAD lesion
Axial fluid sensitive fat-saturated MR arthrography image shows a
GLAD lesion. A portion of the anterior inferior glenoid articular carti-
lage is avulsed associated with a partial labral tear. The labrum is not
detached or dislocated

GLAD lesion: GLAD stands for “glenolabral articular
disruption” and was also described by Neviaser in 1993 [6].
The GLAD lesion consists of an anteroinferior glenoid artic-
ular cartilage injury associated with a partial labral tear. The
labrum is not detached or dislocated. Patients with GLAD
lesions usually have a stable glenohumeral joint and present
with anterior shoulder pain (Fig. 1.4).

1.2.2 Ligament Lesions in Anterior Instability
One of the most important stabilizers for the glenohumeral

joint is the inferior glenohumeral ligament (IGHL). The
IGHL connects the glenoid to the humerus and has the shape
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of a hammock with a strong anterior and posterior bundle.
Two distinct patterns of the attachment of the IGHL to the
glenoid are described [7]. In most joints (80%) the IGHL
attaches directly to the labrum with some fibers extending
onto the glenoid neck. Less commonly (20%) the IGHL
attaches only to the glenoid neck. Therefore, a detachment of
the glenoid labrum is a detachment of the IGHL in most
cases. Most frequently the failure of the IGHL is on the gle-
noid side. Failure on the humeral side is termed “humeral
avulsion of glenohumeral ligament” or HAGL lesion. HAGL
lesions may be difficult to be diagnosed at arthroscopy. The
J sign (the axillary recess is normally U-shaped—conversion
to a J shape is called the J sign) and axillary fluid extravasa-
tion at MR arthrography are suggestive of a HAGL lesion.
However, a false-positive diagnosis of HAGL lesions is not
uncommon at MRI [8]. Fluid extravasation at MR arthrogra-
phy may occur with an intact IGHL or also in a mid-substance
tear of the IGHL.

Key Point

e The inferior glenohumeral ligament attaches directly
to the labrum in most joints. Therefore, a detach-
ment of the glenoid labrum is a detachment of the
IGHL in most cases.

1.2.3 Bony Lesions in Anterior Instability

1.2.3.1 Glenoid

A bony defect of the glenoid rim is probably the most impor-
tant factor for the development of an unstable glenohumeral
joint. Bony defects of the glenoid that are more than half of
the maximal AP diameter of the glenoid in length lead to a
significant loss of dislocation resistance. This may not be
compensated for by a Bankart repair or labral reconstruction
alone. A bony procedure such as a Latarjet procedure or bone
grafting procedure to augment the anterior glenoid rim is
often necessary.

A bony defect can be congenital, can be a result of a gle-
noid rim fracture, or can be the result of the chronic instabil-
ity. Repetitive anterior subluxations of the humeral head lead
to glenoid bone loss without the presence of a fragment at the
glenoid rim.

1.2.3.2 Humerus

In 1940 Harold A. Hill and Maurice D. Sachs described the
grooved defect of the humeral head in the journal Radiology.
The presence of a Hill-Sachs lesion confirms the diagnosis of
anterior instability of the glenohumeral joint. The prevalence
of Hill-Sachs lesion that needs to be treated is about 7% [9].

Therefore, the size, location, and relation to the glenoid need
to be addressed.

Some types of Hill-Sachs are at risk for an engaging
lesion and need to be treated: risk factors are a large and wide
Hill-Sachs lesion, a medially located Hill-Sachs lesion, or a
Hill-Sachs lesion with an oblique orientation on neutral posi-
tion of the humerus. Cases with an engaging Hill-Sachs
lesion present with a large bony defect of the glenoid at the
same time (bipolar lesion).

1.2.3.3 Glenoid Track Theory, On-Track and
Off-Track Lesions

In the abduction and external rotation (ABER) position of

the shoulder, patients with glenohumeral instability experi-

ence subluxation and apprehension. Apprehension is the fear

of imminent dislocation of a patient anterior instability with

when placing the arm in an ABER position.

The “glenoid track™ is the contact area of the glenoid sur-
face onto the posterosuperior humeral head in the ABER
position (Fig. 1.5).

The contact area between the glenoid and the humeral
head, e.g., the “glenoid track,” measures approximately 84%
of the glenoid transverse diameter, whereas reminder of gle-
noid (16%) contacts with the medial margin of the rotator
cuff footprint [10].

e On-track: Hill-Sachs lesion remains within the glenoid
track.

e Off-track: Hill-Sachs lesion extends past the glenoid track
medially and is therefore at risk for engaging.

Key Point

* Reasons for the “off-track™ lesion are a large Hill-
Sachs lesion, a medially located Hill-Sachs lesion,
and/or a bony defect of the glenoid rim.

1.3  Posterior Instability

1.3.1 Labral Lesions in Posterior Instability

Posterior instability of the glenohumeral joint is common in
young active patients. Posterior instability of the glenohumeral
joint is most prevalent in young men, for example, the military
population. Posterior instability of the glenohumeral joint is
often caused by repetitive microtrauma. Repetitive pushups,
pullups, or heavy weightlifting (bench press) may promote
posterior instability of the glenohumeral joint. Also, in swim-
ming and golf which puts stress on the posterior capsule, pos-
terior instability of the glenohumeral joint may be seen.
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Fig. 1.5 Glenoid track theory, on-track situation, and off-track situation
The “glenoid track” is the contact area of the glenoid surface onto
the humeral head in the ABER position (a). On-track situation: the
Hill-Sachs lesion remains within the glenoid track, and the Hill-
Sachs lesion is not engaging (b). Off-track situation: the Hill-Sachs

Key Points
Anatomic risk factors for posterior instability of the
glenohumeral joint include:

* Increased glenoid retroversion.
* Increased humeral head retroversion.
e Posterior glenoid dysplasia (brachial plexus birth

palsy).

The Kim lesion, named after the author who first described
this lesion, represents a posteroinferior labrum avulsion [11].
Often the labral lesion is concealed. Adjacent a marginal
chondrolabral junction, lesion caused by repetitive posterior
subluxations of the humeral head is observed (Fig. 1.6).

Kim’s triad includes:

* Concealed posteroinferior labral tear.
e Marginal chondral lesion.
e Retroversion of the glenoid.

1.4  Labral Tears Without Overt Instability

1.4.1 Superior Labrum Anterior-Posterior
(SLAP) Tears

SLAP tears are superior labral tears that occur in the region
of the biceps anchor. SLAP tears are one of the more com-
mon tears of the glenoid labrum, with a prevalence at arthros-

lesion extends past glenoid track medially, and the Hill-Sachs lesion
is engaging (c). Off-track situation: the bony defect of the glenoid
rim narrows the glenoid track humeral head. Hill-Sachs lesion
extends past glenoid track medially, and the Hill-Sachs lesion is
engaging (d)

Fig. 1.6 Kim’s lesion
Axial fluid sensitive fat-saturated MR arthrography image shows a pos-
teroinferior labrum avulsion lesion (red arrow)

copy of 5-38% [12]. Although SLAP tears are often painful,
smaller tears can be asymptomatic and identified inciden-
tally at surgery or on a shoulder MR scan done for other
reasons. SLAP tears can occur acutely after a fall on an out-
stretched hand or from either acute or repetitive biceps trac-
tion on the superior labrum. The SLAP tears in overhead
throwing athletes will be discussed further in the next section
on Overhead Thrower Injuries.

SLAP tears can have a variety of tear orientations, so are
often subdivided into several types. A type 1 SLAP tear refers to
a frayed free edge of the superior labrum and is a common find-
ing in older individuals. Type 1 SLAP tears are usually degen-
erative or from overuse and may be minimal or asymptomatic.



1 Shoulder: Instability

5

The higher-type SLAP tears are longitudinal tears of the
superior labrum, and these tears may require surgery to alle-
viate symptoms. The most common higher-type SLAP tear is
a type 2 SLAP tear, which is a partial-thickness longitudinal
tear of the superior labrum. These tears can have either a
stable or unstable biceps anchor depending on their size and
specific site of involvement. Distinguishing a stable from an
unstable type 2 SLAP tear can be difficult on MR images,
but in general larger tears at the base of the labrum that
weaken the biceps anchor are more unstable.

The anterior to posterior length of type 2 SLAP tears var-
ies in different individuals. Some have subcategorized type 2
SLAP tears as 2A (anterosuperior), 2B (posterosuperior), or
2C (involving the entire superior labrum from anterior to
posterior). The posterosuperior type 2B SLAP tears are
sometimes seen in overhead throwing athletes and in patients
with a spinoglenoid notch paralabral cyst, both discussed in
a later section.

A type 3 SLAP tear is a full-thickness tear resulting in a
bucket handle torn labral segment. Type 3 SLAP tears tend to
have a stable biceps anchor. A type 4 SLAP tear extends into
the biceps tendon. There are currently some 12 types of
SLAP tears described, and the type 5 and above tears mainly
involve extension to other parts of the labrum or adjacent
structures.

SLAP tears appear on MR images as linear increased sig-
nal extending to an articular surface of the labrum between
the 11:00 and 1:00 position of the glenoid rim [13] (Fig. 1.7).
Because some patients have a superior recess normal variant
in this region of the labrum, there are several MR signs that
have been proposed to help distinguish a SLAP tear from a
normal recess. The findings of a SLAP tear include the lin-

Fig. 1.7 Superior labrum
anterior—posterior (SLAP)

tear

Two consecutive oblique coronal
fat-suppressed T2-weighted
images show irregular, laterally
curving high signal (arrow) in the
superior labrum

ear increased signal being irregular, extending across the
entire labrum on an oblique coronal image, curving later-
ally, there being two increased signal lines (a recess that is
more medial, and the tear which is located more laterally,
also called the “double oreo” sign), or signal width > 2 mm
on MR or 3 mm at MR arthrography. High signal at the
labral-chondral junction posterior to the biceps anchor has
been proposed as a possible MR sign of a SLAP tear; how-
ever several studies have found that at MR arthrography a
normal superior recess can extend posterior to the biceps in
up to 90% of individuals.

Key Point

e For SLAP tears the linear increased signal usually
curves laterally, in distinction from a normal labral
variant superior sublabral recess which curves
medially.

1.4.2 Overhead Thrower Labrocapsular
Injuries

Overhead throwing athletes can develop an overuse injury
of the shoulder that includes a superior labral tear. There are
two related etiologies that have been described for why
labral tears occur in these athletes, glenohumeral internal
rotation deficit (GIRD) and internal impingement. GIRD
results from thickening and fibrosis of the posterior band
inferior glenohumeral ligament and capsule and results
from repetitive traction during the deceleration phase of




6

M. J. Tuite and C. W. A. Pfirrmann

throwing. Internal impingement presents as pain in the late
cocking phase of throwing with decreased throwing veloc-
ity. Internal impingement is felt to be a shoulder microinsta-
bility condition due to a posterosuperior shift of the humeral
head contact point with the glenoid due to GIRD, a stretched
anterior capsule, and muscle fatigue that allows increased
contact of the under surface of the rotator cuff with the pos-
terosuperior labrum [14].

There are two main mechanisms that are believed to lead
to labral injury in patients with GIRD and internal impinge-
ment. The first is repetitive forceful contact between the
greater tuberosity and the posterosuperior glenoid rim during
abduction and external rotation, which causes fraying or
tears of the posterosuperior labrum. The other is longitudinal
twisting of the long head biceps tendon at full external rota-
tion of the humerus, which twists the biceps anchor resulting
in a “peel-back” SLAP tear. The biceps muscle also contracts
late in the throwing motion during deceleration so as to slow
the extension of the elbow, and this applies repetitive traction
forces on the superior labrum and may exacerbate tears.

The posterosuperior labral tears with internal impinge-
ment appear similar on MR to SLAP tears from other mecha-
nisms. Overhead throwers can develop free edge fraying in
the posterosuperior labrum, which other than their distinc-
tive posterosuperior location appear similar to other type 1
SLAP tears on MR with blunting and irregularity of the free
edge. The other common SLAP tear in overhead throwers is
a type 2B SLAP tear which will appear as irregular laterally
curved high signal (Fig. 1.8). Other throwers may have a
smaller focal tear of the posterosuperior labrum that does not
extend to the 12:00 position of the glenoid. Because these

Fig. 1.8 Overhead thrower labral tear

Oblique coronal fat-suppressed T1-weighted MR arthrogram image in
a 21-year-old baseball pitcher who has pain with throwing shows a tear
of the posterosuperior labrum (arrows). There is also an articular sur-
face partial thickness rotator cuff tear (arrowhead)

tears can be small, they are often better seen on MR arthrog-
raphy with abduction and external rotation (ABER) images.

There are several other lesions of the labrocapsular com-
plex that can be seen in throwing athletes. Patients with
GIRD can have focal thickening of the posterior band infe-
rior glenohumeral ligament near the labral insertion, with
loss of the normal labrocapsular recess in this region. These
athletes can also have an exostosis in this region, the Bennett
lesion, which is felt to result from repetitive traction leading
to ossification of the posterior band inferior glenohumeral
ligament at the glenoid insertion. Throwers often develop a
chronically stretched anterior capsule which allows the
increased external rotation in the late cocking phase of the
throwing motion that is associated with increased throwing
velocity, although this can be difficult to diagnose on MR
images. They can also develop tears of the anterior capsule
due to tensile overload; these tears are more common in
older overhead throwing athletes where the capsule has
become less pliable.

There are several additional findings in the shoulder asso-
ciated with internal impingement. The most important is an
articular surface partial thickness cuff tear of the posterior
supraspinatus or anterior infraspinatus tendon (Fig. 1.8).
Another common finding in throwers is prominent posterior
humeral head cysts. These have been sometimes called a
“pseudo Hill-Sachs” lesion, but they occur more posterior
than a true posterolateral Hill-Sachs lesion. A partial tear of
the inferior subscapularis muscle-tendon junction has also
been described in throwing athletes.

1.4.3 Spinoglenoid Notch Cyst
and Posterosuperior Labral Tear

Shoulder paralabral cysts are pseudocysts that result from a
labrocapsular tear that allows joint fluid to extravasate into
the paralabral soft tissues. Paralabral cysts can occur at any
point around the glenoid rim, but are most common adjacent
to the posterosuperior region of the glenoid rim. The postero-
superior location is common because cysts can form here
easily in the fat plane between the supraspinatus and infra-
spinatus muscles lateral to the scapular spine, an area known
as the spinoglenoid notch.

The labral tears associated with spinoglenoid notch para-
labral cysts can be type 2B SLAP tears (superior labral tears
that extend posteriorly) or focal posterosuperior labral tears.
Focal tears in the posterosuperior labrum can occur after
acute trauma such as a fall on an outstretched hand or from
repetitive trauma. Labral tears in this region are not uncom-
mon in overhead throwers, but most are not associated with
a paralabral cyst in this group of athletes.

Spinoglenoid notch paralabral cysts are symptomatic
because they often compress the suprascapular nerve, which
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Fig. 1.9 Spinoglenoid notch cyst

(a) Oblique sagittal T1-weighted and (b) oblique sagittal fat-suppressed
T2-weighted images show a paralabral cyst in the spinoglenoid notch
(arrows) and denervation edema (arrowheads) within the caudal portion
of the infraspinatus muscle

courses through the fat plane between the supraspinatus and
infraspinatus muscles. The suprascapular nerve contains sen-
sory fibers that supply the posterior joint capsule and acro-
mioclavicular joint and motor fibers that innervate the
infraspinatus and supraspinatus muscles. The most common
presentation of a spinoglenoid notch paralabral cyst is pain,
and half the patients who are symptomatic will have only
pain due to the sensory fibers being primarily affected. Motor

symptoms are usually external rotation weakness from
denervation of the infraspinatus muscle; large cysts that
extend superiorly into the suprascapular notch can also
involve the motor branch to the supraspinatus muscle caus-
ing arm abduction weakness.

On MR, paralabral cysts appear as a well-defined T2
high signal mass medial and adjacent to the posterosupe-
rior labrum (Fig. 1.9) [15, 16]. On MR arthrography, there
is variable filling of the cyst with intraarticular contrast.
Although 85% of cysts are associated with a labral tear, the
tear often partially heals so that fluid in the glenohumeral
joint and the paralabral cyst may not have a bidirectional
communication.

The infraspinatus muscle may appear normal on MR even
if the patient is experiencing pain, possibly due to nerve
impingement affecting the sensory fibers more than the
motor fibers. Other spinoglenoid notch cysts will have asso-
ciated increased T2 signal in the infraspinatus muscle,
termed denervation edema. If the cyst is left untreated, the
patient may develop fat replacement and atrophy of the mus-
cle. If a cyst is large and extends up to the suprascapular
notch region, there may also be T2 high signal in the supra-
spinatus muscle. Again, if the cyst is long-standing, there
may be fat replacement atrophy of both the infraspinatus and
supraspinatus muscles.

1.5 Normal Labral Variants

One of the difficulties with accurately diagnosing labral tears
on MR imaging is the normal labral variants, which can
sometimes appear similar to tears. The most common loca-
tion for the labral variants is from 11:00 posterosuperiorly to
the 3:00 anteriorly on the glenoid rim. The labral variants are
mainly sections of the labrum that are partially or completely
unattached to the glenoid rim.

The most common labral variant is a superior sublabral
recess, which is a partially unattached superior labrum
between 11:00 and 1:00 that is seen in 74% of people [17].
The recess formed by the partially unattached superior
labrum occurs at the articular surface of the labral-chondral
junction; the peripheral superomedial margin of the superior
labrum remains adherent to the glenoid rim. Some have clas-
sified the attachment of the superior labrum to the glenoid
rim into one of three “biceps-labral complexes™: type 1
(entire medial base of the labrum adherent to the glenoid
rim), type 2 (superior recess <2 mm), or type 3 (superior
recess >2 mm) [18]. On MR images, a superior sublabral
recess will appear as smooth medially curving linear high
signal at the labral-chondral junction which does not extend
outward across the entire base of the labrum.

The next most common location for labral variants is in
the anterosuperior (1:00-3:00) labrum between the origins
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of the middle and inferior glenohumeral ligaments. There are
three labral variants that can occur in the anterosuperior
Jlabrum. One is a sublabral foramen, where the labrum is
focally unattached to the glenoid rim, and is present in
10-15% of individuals [19]. The second is a Buford complex
where the anterosuperior portion of the labrum is absent and
there is a thick, cord-like middle glenohumeral ligament, and
this is seen in 1-2% of individuals. The third is an anterosu-
perior sublabral recess where the labrum is only attached to
the glenoid rim at its outer margin, similar to a superior sub-
labral recess. There is an increased association of these
anterosuperior labral variants with the more common supe-
rior sublabral recess.

The sublabral foramen and anterosuperior recess will appear
on MR images as high signal between the labrum and glenoid
rim. The Buford complex appears on MR images as a segment
of the anterosuperior glenoid rim where no labrum is visible,
although the patient also has a thick middle glenohumeral liga-
ment which may lie against the glenoid rim and mimic the
unattached labrum of a sublabral foramen (Fig. 1.10).

Key Point

* On MR, increased signal between the labrum and
glenoid rim isolated to the anterosuperior labrum is
more likely to be a sublabral foramen normal vari-
ant than to be a tear.

Although less common than in the 11:00-3:00 region, a
shallow recess at the inner labral-chondral junction can also
occur at other regions around the glenoid rim [20]. These
smooth, less than 2 mm deep recesses should not be con-
fused with a labral tear.

There is controversy whether these labral variants are
congenital or developmental such as from prior post-
traumatic detachment. For the superior recess, De Palma
found these recesses were more prevalent with increasing
age and therefore believed they were an acquired lesion pos-
sibly from chronic repetitive traction [21]. Tena-Arregui
et al. found that a superior recess was not present in still-born
fetal specimens and came to the same conclusion but did
observe that 10% of fetuses had a sublabral foramen, a simi-
lar prevalence to adults [22]. It may be that some variants are
congenital and others acquired. In any case, most believe that
a superior recess or an anterosuperior labral variant is an
incidental finding and if “repaired” at surgery will only
worsen symptoms.

Finally, there is a finding on oblique coronal MR images
called a “pseudoSLAP,” where T2 high signal fluid is pres-
ent between the long head biceps tendon and the anterior-
superior labrum on oblique coronal images. This occurs
because the long head biceps tendon can pass over the anter-

Fig. 1.10 Buford complex normal labral variant

(a) Axial T1-weighted and (b) oblique sagittal fat-suppressed T2-weighted
images show an absent anterosuperior labrum (arrow) and a thick, cord-
like middle glenohumeral ligament (arrowheads), known as a Buford
complex

osuperior labrum to insert directly onto the supraglenoid
tubercle in some individuals. This pitfall should not be mis-
taken for a biceps-labral junction tear.

1.6 Concluding Remarks

MR is the best modality for imaging the glenoid labrum and
instability, but even with high-quality images, accurately
diagnosing pathology can be challenging. Learning the var-
ied MR appearances of labral tears and injuries to the capsule
is important to help confirm the clinical findings and guide
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presurgical planning. Recognizing labral tears above the
midpoint of the glenoid, and distinguishing them from the

normal labral variants, is important in identifying several of

the causes of shoulder pain.

Take Home Messages

e The classification in traumatic instability and atrau-
matic instability is very important because the
examination in a patient with an atraumatic instabil-
ity of the glenohumeral joint may be normal.

e All structures (labrum, ligament, bone) contributing
to glenohumeral instability must be addressed.

* The increased signal on MR seen in SLAP tears is
often irregular, directed cranially or curves laterally,
and extends into the superior labrum.

e The increased signal on MR of a normal variant
superior sublabral recess is smooth, curves medi-
ally, and occurs at the labral/glenoid junction.
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Rotator Cuff

Eva Llopis, Alexeys Perez, and Luis Cerezal

Rotator cuff tendons and muscles are the dynamic stabilizers

Learning Objectives of the shoulder helping the bone discrepancy between the
* Review new anatomical concepts of the rotator cuff. glenoid and the humeral head to avoid shoulder dislocation.
* Review characteristics of the anterior rotator cuff, The origin of the rotator cuff is the scapula, and they insert
subscapularis and posterior rotator cuff, and supra- into the humeral head forming parallel structures (Fig. 2.1).
spinatus and infraspinatus for partial- and full- Although the rotator cuff is separate at the origin, the rotator
thickness and massive tears. cuff is organized in a five-layer structure where they approach
e Describe the more important differential diagnosis each other near the insertion. This layered structure explains
when facing a MR request for shoulder pain. the appearance of delaminating tears. In the lower level,
e Learn how to do standardized reports and what there are some perpendicular lineal fibers that represent an
information should be included in a report for extension of the coracohumeral ligament and extend from
decision-making. the rotator interval through the supraspinatus and the infra-

spinatus. It is called the rotator cable and has biomechanical
implications in stress shielding, acting like a suspension
bridge. It can be depicted on US and MR, especially in
Key Points
* Knowledge of anatomy and biomechanics of rotator
cuff tears is essential for understanding tear
patterns.
e Rotator cuff should be divided into anterior and
posterior tendon injuries.
e Reports should include location, size, retraction,
pattern, and fatty atrophy.

2.1 Anatomy

The shoulder is the most flexible and movable synovial joint
allowing a huge ROM.

Its anatomy allows abduction, adduction, flexion, exten-
sion, and medial and lateral rotation but sacrifices stability.

E. Llopis (b<)
Hospital de la Ribera, Hospital IMSKE, Valencia, Spain

A. Perez
CST, Consorsi Sanitari de Terrassa, Terrassa, Spain

Fig. 2.1 Anatomy of the shoulder, sagittal PD FSE fat sat WI, 1 sub-

L. Cerezal scapularis; 2 long head of the biceps tendon; 3 supraspinatus; 4 infra-
DMC, Diagnostico mEdico Cantabria, Santander, Spain spinatus; 5 teres minus; 6 coracoid process; 7 acromioclavicular joint
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Fig. 2.2 Anatomy of the shoulder, sagittal PD FSE fat sat WI, rotator
cable is shown as an extension of the coracohumeral ligament crossing
the underlying fibers of the supraspinatus and infraspinatus

ABER position where the fibers of the supraspinatus relax
[1-7] (Fig. 2.2).

The posterior rotator cuff tendons include the supraspina-
tus and infraspinatus that have a bursal and an articular site.
The teres minus is rarely injured, and its function on the bio-
mechanics of the shoulder is still to be determined. The
supraspinatus inserts onto the anterior part of the greater
tuberosity. It is important to realize that it has some anterior
extensions to the lesser tuberosity reinforcing the rotator
interval and merging with the subscapularis. The infraspina-
tus origins in the infraspinatus fossa at the inferior part of the
scapula and inserts into the greater trochanter with a trape-
zoidal shape appearance. It has a wide insertion covering
part of the supraspinatus insertion [8, 9].

The subscapularis has the largest tendon, with many fas-
cicles. Its superior fascicles have a tendinous insertion, many
of which insert into the lesser tuberosity, while some cross
toward the greater tuberosity, whereas its inferior fascicles
have a muscular insertion onto the humerus. Its function is
anterior stabilization of the shoulder and of the long head of
the biceps tendon [10].

2.2  Posterior Rotator Cuff, Supraspinatus

and Infraspinatus

1. Tendinopathy.
Secondary to repetitive contact of the tendons with
movements between the acromioclavicular arch and the

Fig. 2.3 Coronal PD fat sat WI, demonstrates high signal intensity
within the insertion of the supraspinatus without disruption

humeral head and between the joint capsule and the gle-
noid rim, the tendons experience structural changes.
These changes represent histologically a continuum
model of different progressive changes that start in reac-
tive tendinopathy and continue into tendon disrepair and
degenerative tendinopathy and end in tendon rupture.
Initially those changes are reversible but shift to degen-
eration and rupture when the capacity of the tissue to
repair is not enough. Our role would be to be sensitive
enough to depict changes that are reversible. Initially the
reaction of the tendon to load, friction, and activity
results in small changes with disorganized extracellular
matrix and subtle inflammatory reaction around the ten-
don that can be seen on imaging as peritendinitis and
focal thickness of the tendon on high-resolution MR or
US. In an attempt to heal matrix breakdown with colla-
gen, separation and proliferation of abnormal tenocytes
and increase of vascularization occur, which on imaging
can be seen as low echogenicity areas on US and focal
areas of high signal intensity on fluid-sensitive
MRI. Progressively histological changes evolve to cel-
lular and matrix changes with mucoid degeneration,
chondral metaplasia, and amyloid deposition together
with reparative changes and inflammation such as an
increase of fibroblastic cells and neovascularization.
These changes represent degenerative tendinopathy, and
they are precursors of tendon tears. On imaging an
increase in tendon thickness and changes of intrasu-
bstance echogenicity on US and signal intensity on MR
can be depicted [11, 12] (Fig. 2.3).
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. Partial Tears.

The incapacity to heal and restore the native structure
of the tendon leads to partial tear with scar formation with
disorganized tissue that decreases mechanical properties.
On imaging this is seen as focal areas of fluid echo-
genicity or high signal intensity on fluid-sensitive
sequences, particularly PD fat saturation or T2 fat satura-
tion sequences. They can be divided depending on the
location, in articular, intrasubstance, or bursal partial
tears (Fig. 2.4). Tears that are bigger than 50% have

higher probability to progression to a full-thickness tear
than those that are smaller than 50% of the thickness.
Tears that are smaller than 50% are usually treated con-
servatively; surgical treatment is only recommended
when conservative measures fail [13, 14].

Bursal-side tears are associated with subacromial and
coracohumeral arch degenerative changes. The presence
of fluid in the subacromial bursa facilitates the radiologi-
cal diagnosis. These tears are occult to arthroscopy.
Because of their adequate blood supply, they have a ten-
dency to heal [13, 14].

Partial articular surface tears are the more frequent; they
have been named as PASTA (partial articular supraspinatus
tendon avulsion) lesions or rim rent tears. They don’t heal
properly and have a tendency to progress to full-thickness
tears. Insertional tears occur in younger population and are
related to traumatic events, whereas more proximal tears in
the critical zone are associated with degenerative changes.
Partial tears have a vertical component that should be mea-
sured in mm and is easy to be seen in conventional projec-
tions; its horizontal component is more difficult, and ABER
position helps to depict its full extension. Partial articular
surface tears occurring within the 2nd and 3rd layer may
extend horizontally and might involve the supraspinatus
and the infraspinatus in a delaminating type of injury with-
out retraction [15-18] (Fig. 2.5).

Fig. 2.4 Two different cases on coronal PD fat sat FSE WI. (a)
Articular side partial (arrows) rupture of more than 50% of tendon
thickness; (b) bursal side partial rupture (arrows) affecting less than  with fluid between the different layers without disruption of its articular

Fig. 2.5 Coronal PD fat sat WI, showing delaminating partial rupture

50% of the tendon thickness side insertion



Intrasubstance tears occur within the tendon and usu-
ally are associated with intense pain.
. Full-Thickness Tears.

Full-thickness tears are those tears that extend from
the articular side to the bursal side; they don’t have to
involve the entire tendon in other planes. It is important to
describe the size of the tear, the number of tendons
affected, the retraction, and the shape of the tear. The size
of the tear is categorized as smaller than 2 cm, between 3

E. Llopis et al.

and 4 cm, or greater than 5 cm. The retraction is defined
as no retraction, small retraction if it doesn’t reach the
level of the acromioclavicular joint, and large when it
passes the AC joint. Arthroscopically the pattern of the
tear is described as crescent, U-, or L-shaped [15-18]
(Figs. 2.6 and 2.7).

Fat atrophy has implication on the therapeutic approach
and patient prognosis. If the atrophy is greater than 50%
of the muscle, there is a high rate of recurrence after

Fig. 2.7 MRI arthrography of the shoulder coronal (a) and sagittal (b)
T1 FSE fat sat WI demonstrating full-thickness complete rupture of the
supraspinatus

Fig. 2.6 Full-thickness tear of the supraspinatus, coronal (a) and sagit-
tal (b) PD fat sat WI
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Table 2.1 Lafosse classification

Grade [ Partial lesion of the superior one third

Grade II Complete lesion of the superior one third

Grade I Complete lesion of the superior two thirds

Grade IV Complete lesion with head centered and fatty
degeneration < stage 3

Grade V Complete lesion with eccentric head and fatty

degeneration > stage 3

Fig. 2.8 Sagittal FSE T1WI showing moderate atrophy of the supra-
spinatus [1] and severe atrophy of the infraspinatus

repair. There have been different classifications for fat
atrophy. The Goutallier system is based on the percentage
of fat within the muscle on CT axial planes; Zanetti and
Thomazeau analyzed the supraspinatus fossa on
T1-weighted sagittal MR images, and recently ISAKOS
defined four different grades [13, 19-21] (Table 2.1)
(Fig. 2.8).
4. Massive Rotator Cuff Tears, Rotator Cuff Arthropathy.

A massive rotator cuff tear is characterized by the
involvement of two or more tendons or a retraction greater
than 5 cm. As the rotator cuff centralizes the humeral
head into the glenoid and serves as the fulcrum when the
deltoid abducts and elevates the arm, its deficiency
changes the biomechanics. There is progressive migration
of the humeral head superiorly causing adaptive changes
on the coracoacromial arch with acetabulization.

Fig. 2.9 Coronal PD FSE WI of a massive rupture of the rotator cuff
showing superior migration of the humeral head (black arrow), remod-
elation of the acromioclavicular arch (black arrow head), glehohumeral
degenerative changes, and fatty atrophy of the supraspinatus (*)

Glenohumeral arthrosis can be seen as loss of the joint
space and presence of inferior humeral osteophytes. In
the last stages and on imaging, we can depict subchondral
cyst formation, secondary areas of avascular necrosis and
bone marrow edema, and ultimately collapse of the
humeral head [13, 21-23].

For treatment purposes it is important to describe the
morphology and bone stock of the glenoid, the deltoid,
and the alignment [21-23] (Fig. 2.9).

2.3  Subscapularis Tendon Tears

Subscapularis tendon tears are more frequent than previ-
ously thought. They have been found in cadavers in more
than 30%. They are underestimated in all imaging tech-
niques. The sagittal plane is the best for its MR evaluation.
On MR arthrography we strongly recommend external
forced rotation for better depiction of partial articular side
tears. Most missed are partial- and full-thickness tears of the
posterior fibers of the subscapularis. They are closely related
to the rotator interval and the anterior crossing fibers of the
supraspinatus. Lafosse classification is the most accepted
one; it is divided into five grades (Table 2.2). Subscapularis
tears are associated with anterosuperior impingement.
Anterosuperior impingement was described by Gerber
arthroscopically revealing impingement of the undersurface
of the subscapularis tendon against the anterosuperior gle-
noid rim in the position of flexion and internal rotation. It is
less common than posterosuperior impingement. There are
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Table 2.2 Fatty atrophy

Grade 0
Grade 1
Grade 2
Grade 3
Grade 4

Normal muscle

Some fatty streaks

Less than 50% of fatty infiltration
50% equal fat to muscle

More than 50% fatty infiltration

ISAKOS adopted Goutallier and Fuchs classification of the fatty atro-
phy valid for CT and MRI

Fig. 2.10 Axial arthro-MRI FSE T1 fat sat WI demonstrates partial
articular side tear of the subscapularis

associated rotator interval lesions, long head of the biceps
tendon lesions and dislocation, and SLAP lesions [24-26]
(Fig. 2.10).

2.4 Differential Diagnosis

It is important to know some entities that clinically can
mimic rotator cuff lesions.

1. Calcified Tendinopathy.

Crystal deposition, especially CPPD deposits on the
tendon, causes inflammation and is an important cause of
shoulder pain in young adults. Its cause is still unknown
although microtrauma, ischemia, and metaplasia have
been proposed as causes. It is usually a self-limited
disease with spontaneous resolution in a high percentage
of cases. Different clinical stages have been described: a
precalcification phase which is clinically silent; the calci-
fication phase in which crystal deposition occurs, subse-
quently the start of a resorptive phase with inflammatory
reaction that causes severe pain; and the end a post-
calcification phase (Fig. 2.11). The deposits of CPPD
might migrate to the subacromial bursa causing bursitis or
less frequent into the bone at the lesser or greater tuberos-
ity. It is important to know this potential involvement of
the numeral head to avoid confusion with a tumor. MRI
shows a sclerotic or lytic lesion surrounded by peripheral
bone marrow edema. The key for the diagnosis is the
association with calcifications within the proximal tendon
[27, 28] (Fig. 2.12).

Fig. 2.11 Rotator cuff hydroxyapatite deposition disease. (a) AP radiograph shows periarticular calcifications; (b) axial GET2; (¢) coronal PD
FSE fat sat WI shows coarse ovoid calcification in the subacromial subdeltoid bursa surrounded by fluid indicating inflammation
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Fig.2.11 (continued)

2. Adhesive Capsulitis.

Adhesive capsulitis is a clinical diagnosis character-
ized by pain and marked decrease of the range of motion,
especially to external rotation. MRI findings are usually
not specific but can correlate with the clinical stages. In
the acute inflammatory phase, MRI can show axillary
capsular thickening and capsular edema and rotator inter-
val synovitis. Progressively hypervascularization and
fibrosis occur, which may be reflected on MRI images by
thickening of the coracohumeral ligament, subcoracoid
fibrosis, and capsular thickening. On MR arthrography
classic findings are low volume injection, often less than
8 ml, and thickening of the structures [29, 30] (Fig. 2.13).
. Nerve Denervation Syndromes.

There are two main nerve denervation syndromes
around the shoulder secondary to the suprascapular nerve
and to the axillary nerve. Suprascapular neuropathy can be
related to compression of an associated paralabral cyst in
a superior labrum injury. When there is no compression,
there are two main origins: a viral inflammation and or
overuse in athletes with overhead activities. On imaging in
the acute phase, supraspinatus and infraspinatus muscle
edema is seen, whereas in chronic phases fatty atrophy
and volume loss of the muscle are shown [31] (Fig. 2.14).

The causes of axillary nerve denervation can be sec-
ondary to injury of the axillary nerve in anterior inferior
shoulder dislocation especially in patients older than
40 years of age; can be secondary to compression due to
a lesion in the quadrilateral space; or can be idiopathic.
The role of MRI is to rule out compression causes and

Fig. 2.12 Intrabone migration of hydroxyapatite deposition, (a) AP
radiographs demonstrate calcifications in the greater tuberosity sur-
rounded by a radiolucency area (¥). Calcifications within the rotator
cuff space help for the diagnosis of hydroxyapatite deposition disease.
(b) Coronal FSE PD fat sat WI shows the same features of calcifications
within the greater tuberosity (*) surrounded by a hyperintense halo
(arrow)

associated injuries in shoulder dislocation. MRI will
demonstrate secondary to the lesion of the axillary nerve
edema of the teres minus or fatty atrophy on chronic
stages [31] (Fig. 2.15).
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Fig. 2.13 Patient with decreased external rotation, sagittal FSE PD fat
sat WI shows thickening of the coracohumeral ligament with soft tissue
edema

4. Isolated Greater Tuberosity Fractures.

Isolated fractures of the greater tuberosity can be sec-
ondary to shoulder direct or indirect trauma or in older
population to minor trauma in osteoporotic patients.
When there is little or no displacement (<5 mm), they
might be difficult to see on plain films especially if only
one projection is seen. They can be seen on US as a dis-
continuity of cortical bone line and are easy to be diag-
nosed on MRI [32] (Fig. 2.16).

2.5 Conclusions

Our radiological report in rotator cuff injuries plays a critical
role in the decision-making process for the surgeon and the
patient outcome. Spend time recognizing the pattern. The
report should be simple and standardized. The radiologist
must be aware of the treatment implications of the different
types of tear and understand the parameters used to evaluate
rotator cuff tears on MRIL

. . ; . . . Fig. 2.14 (a) axial GE T2 WI and (b) sagittal FSE T2 WI of a paral-
Diagnosis of concomitant lesions and knowing the dif- cyst (*) in the supraglenoid notch causing entrapment of the

ferential diagnosis are very important. suprascapularis nerve and secondary edema in the infraspinatus (arrow)
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Fig. 2.15 A 48-year-old patient with anterior and inferior dislocation
of the shoulder and associated complications like partial tear of the
supraspinatus, greater tuberosity fracture, and axillary nerve injury with
soft tissue edema of the teres minor. (a) Sagittal FSE PD fat sat WI
shows anteroinferior glenoid-labral complex lesion (white arrow) soft
tissue edema and effusion in the axillary recess [1] and edema in the

teres minus [2]; (b) coronal FSE PD fat sat WI demonstrates small par-
tial tear of the supraspinatus (*), non-displaced fracture of the greater
tuberosity (white arrows), and soft tissue edema of the axillary recess
(black arrow); (c) posterior plane on coronal FSE PD fat sat WI demon-
strates edema of the teres minor secondary to axillary nerve lesion
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Fig.2.16 A 45-year-old male with a request of US to rule out rotator cuff
lesion after indirect trauma; (a) US of the shoulder shows discontinuity
of the cortical bone of the greater tuberosity (arrow); (b) AP radiograph
performed later demonstrates the small non-displaced fracture (arrows)

Key Points

e Anterior rotator cuff, subscapularis and posterior
rotator cuff, and supraspinatus and infraspinatus are
slightly different.

e Superior fibers of the subscapularis and anterior
fibers of the supraspinatus weaved together are
closely related to biceps tendon and rotator interval
tears.

* New patterns of injuries such as delamination tears
can be depicted with high-resolution MRI.

* Reports should include pattern, size, retraction,
shape, and fatty atrophy.

Take Home Messages

e Reports of rotator cuff tears should follow a struc-
tured form including size of the lesion, retraction,
shape, and atrophy.

e It is important to remember that despite the rotator
cuff muscles origin are separate when they insert,
they weave together being these areas the more dif-
ficult to depict on MRIL

» Differential diagnosis should include other causes of
shoulder pain that might be clinically mimickers.
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Elbow Imaging with an Emphasis

on MRI

Mark W. Anderson and Christine B. Chung

Learning Objectives

e To review challenges in MR imaging of the
elbow and identify strategies to optimize imaging
protocols.

* To review osseous and soft tissue anatomy of the
elbow.

* To demonstrate the MR imaging appearance of
commonly encountered pathology of the elbow.

3.1 Introduction

The elbow is a complex joint made up of three separate artic-
ulations within a common capsule. The proximal ulna articu-
lates with the trochlea and functions as a hinge joint, while
the proximal radioulnar joint provides for rotational move-
ment of the forearm. The radiocapitellar joint allows for both
hinge and rotational movements. Together, these allow for
flexion and extension of the arm and, in conjunction with the
distal radioulnar joint at the wrist, pronation and supination
as well.

This article will discuss the normal anatomy of the elbow
and the most common types of elbow pathology as well as
their appearances on various imaging studies, with an
emphasis on MR imaging.

M. W. Anderson (<))

Department of Radiology, University of Virginia,
Charlottesville, VA, USA

e-mail: mwa3a@virginia.edu

C. B. Chung

Department of Radiology, University of California, San Diego,
LaJolla, CA, USA

e-mail: cbchung@ucsd.edu

© The Author(s) 2021

3.2 MR Technique

Challenges associated with elbow MRI include the complex
anatomy of this relatively small joint, as well as technical
considerations related to MR acquisition. If the patient is
scanned in a supine position with arms extended along the
sides, this may result in some degradation of image quality
given the off-center position within the magnet. Images can
be acquired with the patient prone and the arm extended over
the head (superman position), placing the region of interest
closer to the magnet isocenter; however patient discomfort
can lead to increased motion artifact.

MR imaging studies of the elbow are commonly per-
formed at field strengths of 1.5 T or higher. Imaging at 3.0 T
is increasingly common, with ultra-high field systems (7.0 T)
deployed in the research setting [1]. Higher field strength and
dedicated coils for elbow MR provide much needed improve-
ments in signal-to-noise ratio (SNR), resulting in improved
image resolution. Surface coils are essential for the acquisi-
tion of optimal MR images.

Imaging protocols should cover the joint in multiple
planes and with multiple different tissue contrasts [2]. The
coronal oblique imaging plane is oriented parallel to the
humeral epicondylar axis as seen in the axial plane, and sag-
ittal sequences are oriented perpendicular to that axis. Axial
images should always extend distal to the radial tuberosity.

Suggested protocol parameters for elbow MR imaging
include a field of view (FOV) of 12—-15 cm. Slice thickness
from 2 to 3 mm is generally accepted with a matrix of
256 x 256 to 512 x 512. Conventional MR protocols include
some combination of non-fat-suppressed T 1- or PD-weighted,
fat-suppressed PD- or T2-weighted, or short tau inversion
recovery (STIR) sequences.

Direct MR arthrography is an alternative to conventional
MR imaging that provides joint distention for better delineation
and visualization of structures. Its primary application in clini-
cal practice is for identification and characterization of intraar-
ticular bodies and osteochondral lesions [3]. The optimum
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gadolinium concentration for maximal signal-to-noise ratios at
1.5-3.0 T ranges from 0.7 to 3.4 mmol/L [4]. The capacity of
the joint for purposes of MR arthrography is 5-10 mL.

Although fat-suppressed T1-, PD-, and T2-weighted
sequences are typically used, non-fat-suppressed sequences
should be included if visualization of fat is desired.

3.3 Bonesand Cartilage

3.3.1 Normal Anatomy

The humerus, ulna, and radius all contribute to the elbow
joint [5]. Two epicondyles project from the distal humerus.
The larger medial epicondyle is the site of attachment of the
common flexor/pronator tendon as well as the ulnar collat-
eral ligament. The lateral epicondyle gives rise to the com-
mon extensor/supinator tendon and the extensor carpi ulnaris
tendon. The radial collateral and lateral ulnar collateral liga-
ments also arise from the lateral epicondyle. The distal artic-
ular surface of the humerus is divided into the trough-like
trochlea that articulates with the proximal ulna and the
rounded capitellum that articulates with the radial head.
Dorsally, the deep, olecranon fossa of the humerus accepts
the tip of the olecranon when the elbow is extended, while
the smaller coronoid fossa along the ventral aspect of the
humerus receives the coronoid process in flexion. Prominent
extrasynovial fat pads are present within both fossae.

The trochlear notch of the ulna forms a hinge joint with
the trochlea. The radial notch of the ulna lies along the lateral
aspect of the coronoid process and articulates with the radial
head to form the proximal radioulnar joint. The slightly con-
cave radial head articulates with the capitellum. The radial
tuberosity along the medial aspect of the proximal radius
provides the attachment site for the distal biceps tendon.

The articular cartilage of the elbow is so thin that it’s often
difficult to evaluate with MR imaging. It’s also important to
recognize that the articular cartilage of the capitellum is
found along its anterior convexity only, and not along its
irregular, posterior non-articular aspect.

3.3.2 Bones and Cartilage: Potential Pitfalls

With the elbow extended, the border between the articular
cartilage of the capitellum and its irregular non-articular pos-
terior surface may mimic an osteochondral lesion on coronal
MR images. This pitfall can be easily avoided by cross-
referencing the level of the coronal scan with a sagittal image
(Fig. 3.1). Another osseous variant is a transverse bony ridge
in the mid-trochlear notch that may mimic a loose body or
osteophyte on sagittal images (Fig. 3.2).

4

Fig.3.1 Pseudodefect of the capitellum. (a) Coronal gradient echo T2%*-
weighted image shows an apparent osteochondral lesion along the sur-
face of the capitellum (arrowhead). (b) Correlative sagittal T1-weighted
image reveals that the coronal slice (white line) lies just posterior margin
of the articular surface (arrow)
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Fig. 3.2 Transverse trochlear ridge. Sagittal T1-weighted image dem-
onstrates the normal transverse trochlear ridge (arrow) of the ulna, the
anatomic landmark between the olecranon and coronoid

3.3.3 Bones: Pathology

3.3.3.1 AcuteTrauma

In a patient presenting with elbow pain after an acute injury,
often the only radiographic finding is elevation of the poste-
rior and/or anterior fat pads indicating an effusion. Several
studies have demonstrated a high incidence of associated
osseous contusions or fractures in these patients which are
well demonstrated with MR imaging [6]. A bone contusion
is most easily identified by its edema-like signal intensity on
fat-saturated T2-weighted images. In the case of a fracture, a
linear component may be seen within the edema on T2W
images or may be better demonstrated as a low signal inten-
sity line on a T1-weighted image (Fig. 3.3). In the setting of
a radiographically apparent fracture, MR imaging is able to
assess any associated ligament or cartilage abnormalities as
well. Contusions or fractures involving the radial head and
posterior capitellum are commonly seen after a posterior dis-
location and should prompt close inspection of the collateral
ligaments which are often concurrently disrupted [7].

3.3.3.2 Stress Fractures

Stress fractures occur much less commonly in the upper than
the lower extremities. In the elbow stress fractures involve
the olecranon in 98% of cases [8]. The mechanism of injury
is thought to be related to chronic traction of the triceps

Fig. 3.3 Radiographically occult fracture. (a) Oblique radiograph of
the elbow shows no evidence of fracture. (b) Coronal fat-saturated
T2-weighted image reveals a non-displaced fracture of the radial head
(arrowheads) with surrounding marrow edema. Used by permission of
Springer Nature
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Fig. 3.4 Stress fracture. A 17-year-old male with 6-month history of
posterior elbow pain exacerbated by weight lifting. Sagittal STIR image
demonstrates a non-displaced fracture and prominent marrow edema in
the olecranon. The olecranon physis was found to be fused in the oppo-
site elbow on radiographs

tendon or forces along the posteromedial joint that occur in
the valgus overload syndrome (see below). MR imaging
findings are those of stress injuries anywhere in the body
with edema-like abnormal signal intensity in the marrow
indicating a stress reaction with or without a fracture line
(Fig. 3.4).

3.3.3.3 Osteochondral Lesions

Osteochondral lesions of the elbow are thought to result
from repetitive impaction or shear forces that damage the
articular cartilage and underlying subchondral bone.
Formerly known as osteochondritis dissecans (OCD), these
injuries occur most often in adolescent throwing athletes or
gymnasts.

The repetitive valgus forces that occur at the elbow dur-
ing the throwing motion result in tensile forces across the
medial joint that may produce laxity or tearing of the ulnar
collateral ligament and/or the common flexor tendon. As
these medial stabilizers fail, impaction and shear forces
occur across the lateral aspect of the joint resulting in injury
to the cartilage and subchondral bone of the capitellum and,
less commonly, radial head [9]. These osteochondral
lesions most commonly involve the anterolateral capitel-
lum but have also been described in the trochlea in young
athletes [10].

On MR images, osteochondral lesions demonstrate abnor-
mal subchondral signal intensity as well as irregularity of the
chondral surface, disruption or irregularity of the subchon-
dral bone plate, and/or the presence of a subchondral frag-
ment (Fig. 3.5). The primary role of imaging is to provide
information regarding the stability of the osteochondral frag-
ment. MRI, with its excellent soft tissue contrast, allows

Fig. 3.5 Osteochondral lesion. A 14-year-old male baseball player
with lateral elbow pain. Axial fat-saturated T2-wieghted image reveals
extensive marrow edema and a subchondral fracture line in the anterior
capitellum (arrow). The overlying cartilage appears to be intact, and
there is no fluid undercutting the lesion to suggest this is an unstable
fragment

direct visualization of the articular cartilage, as well as of the
character of the interface of the osteochondral lesion with the
native bone. The presence of joint fluid completely encir-
cling the fragment generally indicates an unstable lesion
[11]. Direct MR arthrography can be helpful in identifying
an unstable fragment, and CT arthrography can also be used
for this purpose.

3.4 Ligaments

3.4.1 Ligaments: Normal Anatomy

The ulnar collateral ligament (UCL) is made up of three bun-
dles (Fig. 3.6). Its anterior bundle courses from the undersur-
face of the medial epicondyle to the sublime tubercle along
the medial margin of the coronoid process. It is the most
important stabilizer of the elbow, especially during throwing
and other overhead motions. The posterior bundle of the
UCL extends from the medial epicondyle in a fan-like distri-
bution to the medial margin of the trochlear notch of the
olecranon and forms the floor of the cubital tunnel. The small
transverse bundle of the UCL runs from the olecranon to the
coronoid process and does not play a significant role in sta-
bilizing the elbow.

On the lateral side (Fig. 3.7), the radial collateral ligament
(RCL) lies just deep to the common extensor tendon and
courses from the lateral epicondyle to blend with the annular
ligament along the volar aspect of the radiocarpal joint. The
lateral ulnar collateral ligament (LUCL) also originates on



3 Elbow Imaging with an Emphasis on MRI

27

Fig. 3.6 Normal ulnar collateral ligament (UCL). (a) Diagram show-
ing the anterior (A), posterior (P), and transverse (T) bundles of the
UCL. (b) The anterior bundle is well seen on a coronal fat-saturated
T2-weighted image (arrow). Note its uninterrupted distal attachment at
the sublime tubercle of the ulna (arrowhead). Illustration courtesy of
Dr. Brady Huang, San Diego, CA

the lateral epicondyle and extends behind the radial head to
attach to the supinator crest along the lateral aspect of the
proximal ulna. It provides posterolateral stability for the
radiocapitellar joint. The annular ligament runs from the
ventral aspect of the radial notch of the ulna around the radial

head to attach along with the LUCL along the supinator crest
and stabilizes the proximal radioulnar joint [12]. Although
these are described as individual structures, studies suggest
that they function together as a continuous sheet, rather than
as individual entities.

3.4.2 Ligaments: Pathology

3.4.2.1 Valgus Instability

The UCL and, in particular, its anterior band are the most
important medial stabilizer of the elbow. The most common
mechanisms of ulnar collateral ligament insufficiency are
chronic attenuation, as seen in throwing or other overhead
athletes, and acute post-traumatic disruption, usually after a
fall on an outstretched arm.

During the throwing motion, high valgus stresses are
placed on the elbow with resulting tensile forces along its
medial aspect with the maximum stress on the ulnar collat-
eral ligament occurring during the late cocking and accelera-
tion phases [13]. Repetitive insults to the ligament produce
microscopic tears that progress to significant attenuation or
frank tearing within its substance. Complete, full-thickness
tears are often well demonstrated on conventional MR imag-
ing studies (Fig. 3.8), but partial tears can be subtle and are
best seen with MR arthrography [14]. A partial-thickness
undersurface tear will often result in a “T-sign” which is best
demonstrated using MR arthrography (see Fig. 3.7).

In the skeletally immature patient, the apophysis is the
weakest link in the muscle-tendon-bone complex. Chronic
valgus stress may result in a condition known as “Little
Leaguer’s Elbow” in which repetitive stresses across the
medial epicondylar apophysis result in its apparent widening
on radiographs (also known as “epiphysiolysis”), displace-
ment or fragmentation [15]. MR imaging demonstrates
extension of physeal cartilage into the metaphysis and/or
marrow edema within the apophysis and also allows for
assessment of the UCL, which is usually normal in these
patients (Fig. 3.9).

3.4.2.2 Valgus Overload Syndrome

Throwing athletes and others involved in overhead sports
often develop a constellation of injuries known as the valgus
overload syndrome [16]. This is related to the strong valgus
forces generated at the elbow which may lead to tensile fail-
ure of the UCL, an osteochondral lesion in the capitellum
and/or subchondral edema, cartilage loss, and osteophyte
formation along the posteromedial elbow joint secondary to
increased shear forces in that region (Fig. 3.10). A careful
inspection of these three areas should be carried out when
viewing an MR imaging study in an overhead athlete pre-
senting with elbow pain.
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Fig. 3.7 Normal lateral ligaments. (a) Diagram showing the lateral
collateral ligament complex including the radial collateral ligament
(RCL), lateral ulnar collateral ligament (LUCL), and annular ligament
(A). (b) Coronal fat-saturated T1-weighted image (MR arthrogram)
shows the RCL (arrowhead) just deep to the common extensor tendon
(arrow) and merging distally with the annular ligament (small arrow).

(¢) A more posterior image demonstrates the LUCL (arrows) as it
courses behind the radial head to insert on the supinator crest of the
ulna. Note also a partial tear of the distal ulnar collateral ligament form-
ing a “T sign” (arrowhead). Illustration courtesy of Dr. Brady Huang,
San Diego, CA
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Fig. 3.8 Ulnar collateral ligament tear. An 18-year-old college base-
ball pitcher who felt a “pop” in his elbow while throwing and presented
with medial elbow pain. Coronal fat-saturated T2-weighted image
reveals a full-thickness tear of the anterior bundle of the UCL at its
ulnar attachment (arrow) and edema in the adjacent flexor musculature

Fig. 3.9 Medial apophysitis (“Little Leaguer’s Elbow”). Coronal fat-
saturated T2-weighted image (MR arthrogram) displays marrow edema
within the medial epicondylar apophysis (arrow) in a 14-year-old base-
ball player. Note also the normal UCL (arrowhead)

Fig. 3.10 Valgus overload syndrome: posteromedial joint. Axial
T1-weighted image (MR arthrogram) demonstrates prominent osteo-
phytes along the posteromedial joint (large arrow) as well as a small
focus of cartilage loss along the posterior trochlea (small arrow). Used
by permission of Springer Nature

3.4.2.3 Posterolateral Rotatory Instability
and Elbow Dislocation (Fig. 3.11)

Posterolateral rotatory instability (PLRI) is the most com-
mon pattern of recurrent elbow instability and is often the
sequela of a prior elbow dislocation. With an elbow dislo-
cation, soft tissue injuries classically have been thought
to proceed from lateral to medial along a spectrum of
severity consisting of three stages: stage 1, posterolateral
subluxation of the ulna on the humerus resulting in injury
to the lateral ulnar collateral ligament; stage 2, incom-
plete dislocation with perching of the coronoid under the
trochlea and tearing of the radial collateral ligament and
joint capsule in addition to the lateral ulnar collateral lig-
ament; and stage 3, complete dislocation with the coro-
noid located behind the humerus. Severe injuries may
also result in additional tearing of the ulnar collateral
ligament [17].

In addition to the soft tissue injuries, fractures involving
the coronoid process and radial head commonly occur with
an elbow dislocation, and the constellation of findings is
referred to as the “terrible triad” of the elbow [18]. A fracture
of the coronoid process is pathognomonic of an episode of
elbow subluxation or dislocation, and the larger the coronoid
fracture fragment, the more pronounced the degree of pos-
terolateral instability.
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Fig. 3.11 Elbow dislocation. (a) Sagittal STIR image (MR arthro-
gram) shows posterior subluxation of the radial head and posterior liga-
mentous/capsular tearing (arrow) as well a subtle bone marrow
contusion in the posterior capitellum (arrowhead). (b) Coronal fat-

Key Point

 Stabilization of the elbow occurs primarily through
static stabilizers of the ligament complexes and the
intrinsic stability conferred by its osseous anatomy.
Acute and chronic repetitive traumas are commonly
encountered and have MR findings that vary with
regard to skeletally maturity. Structural failure can
be predicted with known mechanism of injury.

saturated T1-weighted image displays high-grade tearing of the RCL
from its humeral attachment and an axial T1-weighted image (c) reveals
tearing of the LUCL distally (arrowheads)

3.5 Tendons and Muscles

3.5.1 Tendons and Muscles: Normal
Anatomy (Fig. 3.12)

The biceps tendon courses across the elbow anteriorly to
insert on the radial tuberosity and is best seen in the axial
plane. The bicipital aponeurosis (lacertus fibrosus) is a fas-
cial extension from the short head of the biceps that extends
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Fig. 3.12 Normal tendons. Axial T1-weighted images display (a) the
common flexor/pronator (arrow) and common extensor (arrowhead)
tendons, (b) the biceps tendon (large arrow), lacertus fibrosis/bicipital
aponeurosis (black arrowhead), brachialis tendon (small arrow),
branches of the radial nerve within the radial tunnel (white arrowheads),

over the biceps tendon and provides some tendon stability in
this region. Immediately deep to the biceps lies the brachialis
muscle and its very short tendon that attaches to the ventral
aspect of the coronoid process of the ulna.

Posteriorly, the triceps tendon attaches along the dorsal
aspect of the olecranon, distal to its tip, and can be divided
into a thicker central tendon and a thinner lateral expansion.
The small anconeus muscle lies along the posterolateral
aspect of the elbow, arising from the posterior aspect of the
lateral epicondyle and inserting along the proximal ulna. The

and (c) the distal biceps tendon at its insertion on the radial tuberosity
(arrow). (d) Sagittal T1-weighted image again demonstrates the biceps
(white arrow) and brachialis (black arrow) tendons as well as the triceps
tendon (arrowheads). Used by permission of Springer Nature

anconeus epitrochlearis is an anomalous muscle, seen in
approximately 10% of individuals, that lies along the medial
aspect of the olecranon. While this is usually an asymptom-
atic normal variant, it may produce symptoms of ulnar neu-
ropathy due to compression of the nerve within the adjacent
cubital tunnel (see Fig. 3.17).

The flexor/pronator muscles of the forearm originate via a
common tendon from the medial epicondyle, while the com-
mon extensor/supinator tendon originates on the lateral
epicondyle.
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3.5.2 Tendon and Muscles: Pathology

The classification of tendon injuries about the elbow can be
organized by location, acuity, and degree of injury. Tendon
injury related to a single isolated event is uncommon,
although exceptions to this rule do occur. More commonly,
tendon pathology in the elbow relates to chronic repetitive
micro-trauma. MR imaging and ultrasound are particularly
well suited to diagnose tendon pathology.

As elsewhere in the body, the tendons about the elbow
should be smooth, linear structures of low signal intensity on
MRI [19]. Abnormal morphology (attenuation or thickening)
can be seen in tendinosis (also termed tendinopathy) or tear.
If signal intensity becomes increased within the substance of
a tendon on fluid-sensitive sequences, a tear is present. Tears
can be further characterized as partial or complete.

3.5.2.1 Epicondylitis and Overuse Syndromes

Chronic stresses applied to the common flexor and exten-
sor tendons result in medial and lateral “epicondylitis,”
though this is a misnomer since the underlying pathology
relates to chronic degeneration and partial tendon tearing

rather than an acute inflammatory reaction. The injury is
believed to result from repetitive tensile overload of the
tendon that produces microscopic tears that do not heal
appropriately.

3.5.2.2 Lateral Epicondylitis

Lateral epicondylitis is associated with excessive, repeti-
tive use of the wrist extensors and is the most common
athletic injury in the elbow. It has been termed “tennis
elbow,” but this is somewhat misleading since the vast
majority of cases of lateral epicondylitis occur in non-ten-
nis players. The pathology most commonly affects the
extensor carpi radialis brevis at the origin of the common
extensor tendon.

The imaging findings of epicondylitis may include tendon
thickening or attenuation with intrasubstance intermediate
signal intensity (tendinosis) or partial- or full-thickness tears
in which case fluid signal intensity will be seen within the
tendon (Fig. 3.13). Close scrutiny of the underlying lateral
ligaments is necessary to exclude concomitant pathology,
especially in the lateral ulnar collateral ligament [20].
Underlying ligament involvement predisposes to a poorer

Fig.3.13 Lateral epicondylitis. (a) Coronal fat-saturated T2-weighted
image displays partial tearing of the proximal common extensor tendon
at its humeral origin (arrow). (b) An adjacent image reveals partial tear-

ing of the underlying humeral attachment of the radial collateral and
lateral ulnar collateral ligaments (arrow)
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response to conservative therapy and is an important finding
for preoperative planning if surgical debridement of the com-
mon extensor tendon is contemplated.

3.5.2.3 Maedial Epicondylitis

Medial “epicondylitis” involves a similar degenerative pro-
cess affecting the common flexor tendon and results from
repetitive valgus strain. It is associated primarily with golf-
ing, pitching, and tennis. The pronator teres and flexor carpi
radialis tendons are involved most frequently, resulting in
pain and tenderness to palpation over the anterior aspect of
the medial epicondyle and at the origin of the common
flexor tendon. The imaging findings in this process are
exactly those seen with lateral epicondylitis. As on the lat-
eral side, when assessing the tendon, it is important to
closely scrutinize the underlying collateral ligament com-
plex to ensure its integrity.

3.5.2.4 Biceps Tendon

Rupture of the tendon of the biceps brachii muscle at the
elbow constitutes less than 5% of all biceps tendon injuries
with the most common injury in this region being complete
avulsion of the tendon from the radial tuberosity [21]. The
typical mechanism of injury relates to forced hyperextension
applied to a flexed and supinated forearm, and the patient
often describes sensing a “pop” and sharp pain in the antecu-
bital fossa. Accurate clinical diagnosis is difficult in a partial
tendon tear or in the case of a complete tear without retrac-
tion which can occur with an intact bicipital aponeurosis,
which tethers the ruptured tendon to the pronator flexor mus-
cle group.

Imaging of distal biceps tendon pathology becomes
important in patients who do not present with the classic his-
tory or physical findings. It is critical that axial MR images
extend distal to the radial tuberosity for accurate evaluation.
MRI diagnosis of tendon pathology, as previously men-
tioned, is largely dependent on morphology, signal intensity,
and the identification of areas of tendon discontinuity. The
degree of partial tearing should be described and, in the case
of a complete tear, the degree of tendon retraction and status
of the bicipital aponeurosis. A useful indirect sign of biceps
tendon pathology is the presence of radiobicipital bursitis
(see below) (Fig. 3.14).

3.5.2.5 Triceps Tendon

Rupture of the triceps tendon is quite rare [22]. This most
often results from an acute injury and is most common in
weight lifters and other athletes. Partial tears are more com-
mon than complete tears, and both usually occur at its olec-
ranon insertion. Associated findings may include olecranon
bursitis, subluxation of the ulnar nerve, or fracture of the
radial head (Fig. 3.15). The MRI features of a tear are similar
to those associated with any other tendon.

Fig. 3.14 Biceps tendon tear. (a) Axial fat-saturated T2-weighted
image shows near complete tearing of the biceps tendon from the radial
tuberosity (arrow). A more proximal image (b) demonstrates some
associated distention of the radiobicipital bursa (arrow) and interosse-
ous bursa (arrowhead)

3.6 Nerves

3.6.1 Nerves: Normal Anatomy (Fig. 3.16)

The ulnar nerve courses along the periphery of the medial
head of the triceps muscle in the distal portion of the upper
arm and into the cubital tunnel along the posteromedial
elbow where it lies superficial to the posterior bundle of the
UCL and deep to the cubital tunnel retinaculum.
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Fig. 3.15 Triceps tendon tear. Sagittal STIR image demonstrates par-
tial tearing of the distal triceps tendon (T) and extensive fluid and syno-
vial hypertrophy within the olecranon bursa

Fig. 3.16 Normal nerves. Axial T1-weighted image (MR arthrogram)
demonstrates the ulnar nerve within the cubital tunnel (large arrow) and
overlying cubital tunnel retinaculum (large arrowhead), the superficial and
deep branches of the radial nerve within the radial tunnel (arrowheads), and
the median nerve (small arrow). Used by permission of Springer Nature

After spiraling around the midhumeral shaft, the radial
nerve courses through the radial tunnel, a space along the
volar-lateral aspect of the elbow between the brachioradialis
and brachialis muscles, where it divides into its deep and
superficial branches. The deep branch then passes under the
arcade of Froshe, pierces the supinator muscle, and contin-
ues as the posterior interosseous nerve.

The median nerve travels along the medial upper arm
with the brachial vessels and then courses between the two
heads of the pronator teres muscle and gives off the anterior
interosseous nerve more distally.

3.6.2 Nerves: Pathology

Pathology involving the nerves of the upper extremity may
result from nerve compression/entrapment or a ‘“non-
entrapment” etiology such as infection, polyneuropathy,
acute trauma, or iatrogenic injury during arthroscopy [23].
Most types of nerve pathology will result in changes within
the muscles they innervate: high signal intensity “edema’ on
T2W images with an acute process and high signal intensity
on T1-weighted images, indicating fatty atrophy, with more
chronic processes. In many cases, these muscle findings are
more conspicuous on MR images than an abnormality of the
nerve itself.

3.6.2.1 Ulnar Nerve

Ulnar nerve entrapment most commonly occurs in the
cubital tunnel and may arise from a number of etiologies
including a medial trochlear osteophyte, an anomalous
anconeus epitrochlearis muscle, or an adjacent soft tissue
mass (Fig. 3.17).

On MR imaging, ulnar neuritis should be considered
when the nerve is enlarged, contains fascicles of varying
size, and demonstrates increased signal intensity on T2W
images, although this latter sign can be seen in asymptomatic
patients and therefore must be correlated with other imaging
and clinical information [24].

If the ulnar nerve is not seen within the cubital tunnel, it
has likely been previously surgically transposed to the volar
aspect of the elbow either deep or superficial to the proximal
flexor muscles. To locate the nerve after transposition, it is
easiest to identify it on T1-weighted images in the medial
musculature of the proximal forearm where it is surrounded
by bright fat and then trace its course proximally from there.

3.6.2.2 Median Nerve

Compression of the median nerve may occur at several sites.
In patients with a supracondylar process emanating from the
anterior cortex of the distal humerus, the nerve may become
compressed by an associated ligament of Struthers (supra-
condylar process syndrome). The nerve may also become
entrapped as it passes between the two heads of the pronator
teres muscle or under the fibrous arch of the flexor digitorum
profundus (pronator syndrome). More distally, the anterior
interosseous nerve may be injured or compressed by an adja-
cent mass (anterior interosseous nerve syndrome).
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Fig. 3.17 Ulnar neuritis. A 31-year-old male with elbow pain and
symptoms of ulnar neuropathy. (a) Axial T1-weighted image reveals an
anconeus epitrochlearis muscle (M) superficial to the ulnar nerve within
the cubital tunnel. (b) Sagittal STIR image shows an increased signal
intensity within a markedly enlarged ulnar nerve just proximal to the
cubital tunnel (arrows) (E = medial epicondyle)

3.6.2.3 Radial Nerve

The radial nerve may be injured from direct trauma or may
be compressed at various sites, the most common being
where it penetrates the supinator muscle at the arcade of
Frohse, a fibrous band found at that level in 30-50% of

Fig.3.18 Radial nerve impingement. A 46-year-old female presenting
with symptoms of posterior interosseous syndrome. Axial fat-saturated
T2-weighted image shows a multilocular ganglion (arrowheads) dis-
placing the deep branch of the radial nerve at that level (arrow)

patients. The nerve may also be compressed by an adjacent
space-occupying mass (Fig. 3.18).

3.7  Synovial Processes

As a synovial joint, the elbow has a synovial membrane and
joint capsule, separated by fat pads in some locations.
Lubricating bursae, lined by synovium, are located superficial
to the olecranon and surrounding the distal biceps tendon.
The synovial anatomy is further complicated by the synovial
plicae, folds of synovial tissue that represent embryonic rem-
nants. Synovial inflammation can result from infectious,
inflammatory, or post-traumatic conditions. Its appearance on
MR imaging is nonspecific and includes T2-hyperintense
joint fluid and synovial hypertrophy with enhancement if
intravenous gadolinium is administered.

3.7.1 Bursae
The large olecranon bursa lies in the subcutaneous tissues
overlying the dorsal aspect of the proximal ulna [25]. Two
other bursae lie adjacent to the distal biceps tendon: the
radiobicipital and interosseous bursae [26]. It is important to
note that there is no tendon sheath at the level of the distal
biceps tendon, so peritendinous fluid in this region indicates
distention of one or both of these bursae.

Bursal inflammation may result from a number of etiolo-
gies which will be discussed below. MR imaging findings
include bursal distention with high signal intensity fluid or,
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Fig.3.19 Olecranon bursitis. Sagittal fat-saturated T1-weighted image
demonstrates marked synovial enhancement in a distended olecranon
bursa. Used by permission of Springer Nature

in the case of infection or hemorrhage, more heterogeneous
material on T2W images and pronounced synovial enhance-
ment on T1-weighted images after the intravenous adminis-
tration of gadolinium contrast (Fig. 3.19).

3.7.2 Plicae

Synovial plicae represent embryologic remnants that are
commonly found within asymptomatic elbows. The most
common of these synovial folds is the posterolateral plica,
which is present in 86% of cadavers and up to 98% of
asymptomatic patients on MR imaging; it has been impli-
cated as a potential cause of lateral elbow pain known as
the synovial fold syndrome [27]. This is thought to result
from dynamic entrapment of the plica between the radial
head and capitellum and often produces snapping, pop-
ping, or even locking of the elbow. The MR imaging find-
ings of a plica measuring greater than 3 mm in thickness
or covering more than one third of the articular surface of
the radial head should raise suspicion for the diagnosis
(Fig. 3.20).

3.7.3 Synovial Inflammation

Synovial inflammation can result from infectious, inflam-
matory, or post-traumatic conditions. The appearance on
MR imaging is nonspecific and includes T2-hyperintense
joint effusion, synovial hypertrophy, and synovial enhance-
ment if intravenous gadolinium is administered [28]
(Fig. 3.21).

Fig.3.20 Plica. An 18-year-old gymnast with pain in the region of the
radiocapitellar joint. (a) Coronal gradient echo T2*-weighted image
demonstrates a prominent radiocapitellar plica (arrowheads) which is
also shown to be thickened and extending into the posterior joint on a
corresponding sagittal T1-weighted image (b) (arrow)
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Fig. 3.21 Inflammatory synovitis. A 49-year-old female with a prior
history of Lyme arthritis who developed an unspecified inflammatory
polyarthropathy. (a) Sagittal fat-saturated T2-weighted image shows
fluid and marked synovial hypertrophy distending the elbow joint, com-
plete loss of articular cartilage, and prominent marrow edema in the

3.7.3.1 Infectious Synovial Processes

Septic arthritis of the upper extremity is uncommon and
often occurs in patients with existing comorbidities. The
nonspecific nature of imaging findings emphasizes the need
for accurate correlation with clinical and laboratory findings
as well as joint aspiration when there is high clinical suspi-
cion. Any destructive monoarticular process should be
regarded as infection until proven otherwise.

The majority of olecranon bursitis results from an inflam-
matory cause with only 25% having an infectious etiology.
Septic bursitis occurs due to bacterial penetration of micro-
trauma or hematogenous seeding. The olecranon bursal lin-
ing has been described as poorly vascularized, resulting in an
increased propensity for transcutaneous spread of infection,
even when no obvious wound is present [29].

3.7.3.2 Noninfectious Synovial Inflammatory
Processes

Rheumatoid arthritis is among the disorders characterized

by synovial inflammation. Although the elbow is not clas-

sically an initial site of involvement in rheumatoid arthritis,

proximal radius. (b) Corresponding sagittal fat-saturated T1-weighted
image after intravenous gadolinium administration provides better
delineation between low signal intensity fluid and enhancing synovium.
Rheumatoid arthritis or a septic joint could demonstrate a similar MR
appearance

characteristic findings of synovial hypertrophy, altered mar-
row signal, and erosive changes are present on MRI. When
it involves the olecranon bursa, inflammation with nodular
involvement may be present. Gout is another rheumatologic
disorder in which bursal involvement is characteristic. When
sodium urate crystals are present within the bursa, low signal
intensity on T1-weighted images with heterogeneous signal
on fluid-sensitive sequences is noted. Radiographic correlation
can be helpful to identify the cloud-like increased density seen
with tophus formation. Seronegative spondyloarthropathies
and calcium pyrophosphate dihydrate crystal deposition dis-
ease show MR findings of nonspecific synovial inflammation.

Pigmented villonodular synovitis (PVNS) is arare, benign
synovial proliferative process. It is an idiopathic process that
most commonly affects the knee. While relatively uncom-
mon in the elbow, the MR findings are quite characteristic.
Clumps of hemosiderin-laden macrophage deposits demon-
strate low signal on T1- and T2-weighted images. Gradient
echo imaging enhances the magnetic susceptibility effects of
the hemosiderin deposition. Joint effusion, osseous erosion,
and extraarticular spread may also be seen [30].
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Wrist and Hand

Omid Khalilzadeh, Clarissa Canella, and Laura M. Fayad

Learning Objectives

* A basic approach to radiologic interpretation of
wrist and hand imaging.

* Review of common fractures affecting the wrist and
hand.

* Review of common injuries to ligamentous, tendi-
nous, and capsular structures of the hand and wrist.

4.1 Introduction

In this chapter, we will review some of the common trau-
matic injuries affecting the wrist and hand. The wrist is
complex, with small bones and supporting soft tissue struc-
tures, which limits the diagnostic yield for radiologic assess-
ment [1]. A practical ABCs (alignment, bones, chondral
surfaces, and soft tissues) checklist for reviewing wrist and
hand exams includes assessment of alignment, bones includ-
ing cortical margins, bone trabecular pattern and bone mar-
row signal, chondral surfaces and joints, and the soft tissues
and supporting structures. Wrist alignment can be assessed
by radiographs: on the frontal view (Fig. 4.1), proximal and
distal carpal rows form smooth and congruent arcs, and
there is mild ulnar inclination of distal radius, while on the
lateral view, there is mild volar tilt of the distal radius articu-
lar surface, and the lunate bone is aligned within 10 degrees
of the capitate. Evaluation of the bones is achieved through
radiography, CT, and MRI, as described for different inju-

0. Khalilzadeh - L. M. Fayad (b))

The Russell H. Morgan Department of Radiology and Radiological
Science, The Johns Hopkins School of Medicine,

Baltimore, MD, USA

e-mail: omidk@jhmi.edu; Ifayadl @jhmi.edu

C. Canella
Radiology Department, Clinica de Diagndstico por Imagem
(CDPI)/DASA, Rio de Janeiro, RJ, Brazil

© The Author(s) 2021

Fig. 4.1 Three arcs drawn on the frontal radiograph of the wrist dem-
onstrate normal alignment of the proximal and distal carpal rows

ries below, with the bones providing boundaries to the five
different compartments of the wrist (distal radioulnar joint
compartment, radiocarpal compartment, midcarpal com-
partment, common carpometacarpal compartment, and
thumb carpometacarpal compartment). When performing a
wrist arthrogram (Fig. 4.2), communication of the adminis-
tered contrast between any of these compartments is usually
suggestive of internal derangement due to ligamentous dis-
ruption. Arthrography techniques, including MRI, are also
used for assessment of the chondral surfaces.

In the following sections, common traumatic injuries
affecting the wrist and hand are reviewed.
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Fig. 4.2 Wrist arthrogram images demonstrate injection of radiopaque contrast material within the midcarpal (left), radiocarpal (center), and

distal radioulnar (left) compartments of wrist

4,2 Metacarpal and Phalangeal Fractures
Distal phalanx fractures are the most common fractures of
the hand and are frequently seen in sports injuries, such as
with the mallet finger and the jersey finger. Middle phalanx
fractures are the least common fractures. Proximal phalanx
fractures are the most common pediatric hand fractures and
can be epiphyseal or shaft fractures.

Metacarpal fractures are common, with metacarpal shaft
and neck fractures typically occurring as a result of axial
loading, direct trauma, or torsional force. Specific names are
given to fractures of the base of the thumb metacarpal (epi-
basal fractures of the thumb, Bennett fracture dislocation of
the thumb, and Rolando fracture of the thumb) and little fin-
ger metacarpal (reverse Bennett fracture dislocation fracture
and boxer fracture) [2].

Mallet finger: The mallet finger results from disruption
of the terminal tendon contribution to the extensor mecha-
nism of the finger at its attachment to the dorsal aspect of
proximal phalangeal base, with or without bony avulsion
[3]. These are the most common tendon injuries in sports,
resulting from a combination of pulling force at the terminal
tendon combined with extension of distal interphalangeal
joint. Radiographs may show a tiny avulsed bone fragment,
and ultrasound may show loss of real-time movement of the
tendon.

Seymour fracture: This is a pediatric subtype of the mal-
let finger with distal phalanx physeal fracture and associated
nail bed injury, most commonly occurring with ungual
subluxation.

Jersey finger: The Jersey finger (Fig. 4.3) results from
disruption of the flexor digitorum profundus at the volar base
of distal phalanx, with or without a bony avulsion [4]. The
avulsed tendon or bone fragment may be retracted proxi-
mally, most commonly up to the edge of the A2 pulley along

Fig. 4.3 Jersey finger with avulsion fracture of the volar base of distal
phalanx and proximal retraction to the edge of A4 pulley

the proximal phalanx. It usually occurs in sports secondary
to forceful hyperextension of a flexed finger during activity.

Bennett fracture dislocation: This is a two-piece frac-
ture of the base of the thumb metacarpal with intra-articular
extension and dorsolateral displacement. A small ulnar frag-
ment of the thumb metacarpal, attached to the anterior
oblique ligament of the thumb carpometacarpal bone,
remains in place articulating with the trapezium.
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Fig. 4.4 Fracture of fifth metacarpal neck compatible with boxer
fracture

Rolando fracture dislocation: This can be categorized
as a comminuted form of the Bennett fracture. This is a
three-part, intra-articular fracture dislocation of the base of
the thumb. The fracture line is typically a’Y or T shape, and
a volar fragment remains in articulation.

Epibasal fractures of the thumb: This is a two-piece
fracture of the base of the thumb. These fractures are usually
stable and often do not require surgery, in contrast to the
above Bennett and Rolando fractures.

Boxer fracture: This is a fracture of fifth metacarpal
neck (Fig. 4.4), commonly secondary to direct longitudinal
trauma, such as boxing injury.

Reverse Bennett fracture dislocation: This is a fracture
dislocation of the base of the fifth metacarpal.

Key Point

e Phalanx and metacarpal fractures are common and
are usually seen with sports injuries. Intra-articular
extension and injury to joint capsular ligaments,
tendons, or physeal plates are commonly seen with
these fractures.

4.3  Carpal Fractures

Carpal bone fractures can involve one or a combination of
carpal bones, usually seen as part of carpal fracture disloca-
tions [5]. Individual fractures include the following
fractures:

Scaphoid fracture: This is the most common carpal bone
fracture (Fig. 4.5) and may be occult on radiographs.
Fractures are usually secondary to a fall on an outstretched
hand and may involve the waist of the scaphoid (70-80%),
distal pole of scaphoid tubercle (20%), or proximal pole
(10%). Arterial supply to the scaphoid is from distal to proxi-
mal pole. Therefore, the more proximal the site of fracture,
the higher likelihood of malunion/non-union, avascular
necrosis of the proximal fragment, and long-term complica-
tions such as SNAC wrist (scaphoid nonunion advanced col-
lapse) and SLAC wrist (scapholunate advanced collapse)
(Fig. 4.6).

Triquetral fracture: This is the second most common
carpal fracture after the scaphoid. The most common fracture
of the triquetral bone is a dorsal avulsion fracture at the
attachment of radiocarpal ligament, secondary to fall on an
outstretched hand, best seen on lateral view. Triquetral body
or volar avulsion fractures are less commonly seen
fractures.

Lunate fracture: This fracture is usually secondary to
axial loading and could involve the volar pole, dorsal pole, or
body. Non-displaced transverse fractures through the body
of the lunate have been known as a predisposing factor to
avascular necrosis of lunate, particularly in patients with
negative ulnar variance who receive more axial loading on
the lunate through contact with the distal radius.

Hook of hamate fracture: This type of fracture (Fig. 4.7)
may occur due to a direct trauma during sports or a fall and
may result in Guyon’s canal syndrome. A hook of hamate
fracture is best identified on axial cross-sectional imaging,
with MRI or CT, through the wrist.

Tubercle of trapezium fracture: The most common site
of fracture is the tubercle of trapezium (Fig. 4.8) at its volar
surface.

Trapezoid, pisiform, and capitate fractures: These
fractures are less commonly seen in isolation.

Combination fractures: These fractures involve more
than one carpal bone and may be associated with a disloca-
tion [6].

4.3.1 Perilunate Injuries

Due to dynamic alignment and ligament support of the wrist,
transmission of force through the carpus (usually via axial
loading, dorsiflexion, ulnar deviation, and supination) can
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Fig. 4.5 Scaphoid fractures could be occult on radiographs. Coronal MR images through the wrist demonstrate a chronic appearing minimally

displaced fracture of scaphoid wrist

Fig.4.6 Severe case of scapholunate advanced collapse (SLAC), com-
monly known as SLAC wrist. Coronal fluid-sensitive MR image
through the wrist demonstrates widening of the scapholunate interval
compatible with scapholunate ligament tear, with associated proximal
migration of capitate and advanced secondary degenerative changes of
radioscaphoid articulation

cause a sequence of injuries through a perilunate zone of vul-
nerability in the wrist, as described by Mayfield et al. [7].
Two different sets of injuries can occur in the wrist “zone of
vulnerability” (Fig. 4.9):

1. Lesser arc injuries: These are usually related to rapid
transmission of force and are purely ligamentous.

2. Greater arc injuries: These are usually related to slower
transmission of force and include fractures as well as lig-
ament injuries.

Perilunate injuries can result in volar dislocation of the
capitate with respect to the lunate which could progress from
stage I scapholunate dissociation to stage II, dorsal perilu-
nate dislocation; stage III, midcarpal dislocation; and
finally stage IV, volar lunate dislocation (Fig. 4.10).

Lesser arc perilunate injuries occur in a sequence which is
called progressive perilunate failure. These injuries start at
the scapholunate joint, then proceed to the lunocapitate and
lunotriquetral joints, and finally culminate in complete dislo-
cation of the lunate.

Perilunate injury with associated fracture of one or more
bones around the lunate (scaphoid, trapezium, capitate, hamate,
or triquetrum) is called a greater arc injury. Greater arc injuries
could have trans-radial, trans-scaphoid, trans-capitate, trans-
triquetrum, or trans-ulnar styloid components in association.
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Fig. 4.7 Axial MR images demonstrate a mildly displaced fracture of hook of hamate. Lack of edema like signal and corticated margins are sug-
gestive of a chronic fracture

Fig.4.9 Wrist is vulnerable to injuries through a perilunate “zone of vul-
nerability” (red zone). Two different sets of injuries can occur along this
zone, as depicted by dash lines: lesser arc injuries and greater arc injuries

Fig.4.8 Sagittal T1-weighted MR image demonstrates a non-displaced
fracture of tubercle of trapezium

, 4.3.2 Carpal Instability
Key Point

e Carpal fractures may involve one individual bone or
more than one carpal bone, as part of the commonly
seen perilunate injuries through the zone of vulner-
ability. Perilunate injuries may be associated with
dislocation.

By terminology, instability is a dynamic process and requires
dynamic assessment of carpal bones in motion, often evalu-
ated by dynamic fluoroscopy. What is commonly evaluated
on static radiologic images is malalignment which is a
manifestation of dynamic instability. Therefore, radiology
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Fig. 4.10 Four stages of progressive perilunate injury: stage I, “scaph-
olunate dissociation”; stage II, dorsal “perilunate dislocation”; stage III,
“midcarpal dislocation”; and finally stage IV, volar “lunate dislocation”

reports describe the findings as “malalignment which is seen
with a certain clinical pattern of carpal instability.”

Different classifications have been suggested for carpal
instability [8], as below:

The Mayfield classification of carpal instability: This
classification system is also known as perilunate instability,
which is focused on perilunate patterns of carpal instability
[7]. Other forms of carpal instability such as adaptive insta-
bility secondary to an extracarpal factor are not included in
this classification.

Under this classification, instability is divided into four
stages:

— Stage I: scapholunate dissociation.

— Stage II: perilunate dislocation, with the lunate remaining
normally aligned with the distal radius and the remaining
carpal bones dislocated dorsally.

— Stage III: midcarpal dislocation, where neither the capi-
tate nor the lunate is aligned with the distal radius.

— Stage IV: lunate dislocation, which is usually volar
(Fig. 4.11).

The Mayo classification of carpal instability: This
scheme offers a more comprehensive classification, divided
into four categories [9].

¢ Dissociative (CID): dissociation of bones of the same car-
pal row, in the mediolateral direction.

— Scapholunate dissociation, which is the most common
cause of dorsal intercalated segment instability (DIST)
(Fig. 4.12).

— Lunotriquetral dissociation, which is the most com-
mon cause of volar intercalated segment instability
(VISI).

— Distal dissociative carpal instability.

* Non-dissociative  (CIND): structural derangement
between the proximal carpal row and the radius or the
distal carpal row with a normal relationship of the carpal
bones within that row. Typically, with CIND, there is dis-
sociation in a direction other than mediolateral.

— Radiocarpal instability, including ulnar or radial trans-
location, or radiocarpal dislocation.

— Midcarpal instability, including volar or dorsal mid-
carpal instability.

e Complex (CIC): CID and CIND combined, including
dorsal or volar perilunate dislocation or fracture disloca-
tion, i.e., greater or lesser arc injury.

— Axial dislocations (high energy trauma, e.g., peritrape-
zium or perihamate).

e Adaptive (CIA): Dissociation occurs secondary to extrin-
sic causes including proximal or distal causes such as dis-
tal radius fracture malunion or madelung deformity.

The articulations between the lunate and the surrounding
four bones play the most important role in carpal stability.
When evaluating carpal instability, attention should be
focused on lunate articulations, including radiolunate, luno-
capitate, lunotriquetral, and scapholunate. Each articulation
should be assessed for signs of displacement or malrotation.
Measurement of carpal angles between the lunate and other
bones including radiolunate, scapholunate, and lunocapitate
could be used as a hint to carpal malalignment. For example,
malalignment at the radiolunate is seen with radiocarpal
instability. Malalignment at the lunocapitate articulation is
seen with midcarpal instability.

Please note that perilunate instability is not interchange-
able with midcarpal instability. The former may include dis-
sociation within the proximal carpal row. However, the latter
is a non-dissociative instability. The key feature in midcarpal
instability is lunocapitate malalignment which may or may
not be seen in perilunate instability.

44  Tendon Injuries

Flexor tendon and extensor mechanism anatomy of the hand
is demonstrated in Fig. 4.13. Common conditions involving
the tendons of the hand and wrist include a trigger finger,
tenosynovitis of the first through sixth dorsal extensor


https://radiopaedia.org/articles/scapholunate-dissociation?lang=us

4 Wrist and Hand

47

Fig.4.11 Frontal and lateral radiographs demonstrate volar dislocation of lunate. Notice disruption of carpal arcs on the frontal view. Additional
fracture of distal radius is visible on the lateral radiograph

compartments, and flexor carpi radialis tendonitis. Tendinosis
is chronic degeneration of a tendon due to mechanical stress
and repetitive trauma. Laceration followed by avulsion inju-
ries is the main cause of traumatic injuries to tendons.
Tenosynovitis is fluid expansion and synovitis of a tendon
sheath, which could be due to degenerative, infectious, or
inflammatory etiologies [10, 11].

4.4.1 Extensor Carpi Ulnaris Tendon

(ECU) Injury

It is important to differentiate between ECU subluxation and
normal dynamic variations in positioning. ECU position
within the ulnar groove is dependent on wrist position. ECU
is in ulnar position on pronation and in radial position in
supination. ECU dislocation is secondary to ECU subsheath
injury, including tears of the radial or ulnar roots of the ECU
subsheath. ECU tendinosis and tear (Fig. 4.14) are the most
common tendon pathologies of the hand and wrist.

Stenosis tenosynovitis: Stenosing tenosynovitis develops
secondary to chronic repetitive microtrauma from frequent

movements of the tendons, through osseofibrous tunnels,
such as with the overlying retinaculum or pulley [10].

De Quervain’s tenosynovitis: This is a common form of
stenosing tenosynovitis involving the first extensor tendon
compartment (abductor pollicis longus (APL) and extensor
pollicis brevis (EPB) tendons) of the wrist, typically at the
radial styloid (Fig. 4.15). The most common etiology is
thickening of the overlying extensor retinaculum at the radial
styloid.

Trigger finger: This is a type of stenosing tenosynovitis
involving the flexor digitorum superficialis at the level of the
Al pulley. Ultrasound can show real-time impingement of
the tendon while gliding through its tunnel, and there is
thickening of the overlying flexor pulley measuring
>1-1.5 mm.

Intersection syndrome: At the crossing point of the first
dorsal compartment (APL and EPB) and second dorsal com-
partment (ECRL, ECRB), tenosynovitis occurs and is known
as proximal intersection syndrome. Tenosynovitis at the
third compartment (extensor pollicis longus, EPL) and sec-
ond dorsal compartment (ECRL, ECRB) crossing point is
known as distal intersection syndrome.
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Fig. 4.12 Lateral radiographs demonstrate volar tilt of lunate with widening of capitolunate angle >30° and scapholunate angle >60° (a and b,
respectively) compatible with malalignment seen with dorsal intercalated segment instability (DISI)

Pulley injuries: Pulleys are fibrous structures which wrap
around the flexor tendon sheaths of the digits to form a sup-
porting fibro-osseous tunnel (Fig. 4.16). Five such annular
pulleys (A1-AS), together with three cruciate pulleys (C1—
C3), form a fibro-osseous tunnel. Cruciate pulleys are difficult
to find on imaging due to their thin size, and injuries are less
commonly discussed. However, the A2 pulley is the most load
bearing and most commonly injured pulley and can be identi-
fied by imaging, particularly axial non-fat-suppressed T1- or
intermediate-weighted imaging. A1, A3, and A5 pulleys attach
to volar plates at the level of metacarpophalangeal (MCP),
proximal interphalangeal (PIP), and distal interphalangeal
(DIP) joints and are less commonly torn. A2 and A4 pulleys
attach to the periosteum at the proximal and middle phalanx.
Pulley sprain or rupture can be associated with bowstringing
of the flexor digitorum tendons, and increased bone-tendon
distance is best detected on sagittal images.

Boutonniere deformity: “Boutonniere” is French for
buttonhole. Increasing PIP joint flexion causes further
extensor retinaculum damage resulting in “buttonholing”
of the proximal phalanx between the lateral bands of the
extensor tendon. Secondary DIP joint extension then
occurs. Findings result from rupture of the central slip of
the extensor mechanism from its attachment at the dorsal
base of the middle phalanx or failure of the triangular
ligament.

Key Point

e Common conditions involving the tendons of the
hand and wrist include trigger finger, tenosynovitis
of the first through sixth dorsal extensor compart-
ments, and flexor carpi radialis tendonitis.
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Fig. 4.13 Flexor (a) and extensor tendon (b) anatomy of the hand.
Flexor digitorum superficialis (FDS) divides into two medial and lateral
slips (yellow) and attaches to the base of the middle phalanx. Flexor
digitorum profundus (FDP) attaches to the base of the distal phalanx.

4,5 Ligaments and Capsular Injuries

Volar and dorsal plate injuries: The most commonly
injured site is the volar plate of the PIP joints. A hyperexten-
sion injury may result in a ligament tear or an intra-articular
avulsion fracture.

Collateral ligament injuries: Collateral ligaments have
two components: main (proper) and accessory. Forced ulnar
or radial deviation at any of the interphalangeal joints can
cause collateral ligament tears, best detected by MRI.

Sagittal band injuries: Sagittal band rupture can be eval-
uated on axial slice T1-weighted or intermediate-weighted
non-fat-suppressed images. Rupture of the sagittal band
leads to medial or lateral dislocation of the extensor tendon
at the level of the MCP joint.

The extensor hood forms a central slip, which attaches to the base of the
middle phalanx, and two lateral bands join together to form a terminal
tendon, which attaches to the base of distal phalanx

Gamekeeper’s thumb and Stener lesion: This is an
avulsion or rupture of the ulnar collateral ligament of the
thumb MCP joint. MRI plays a key role in differentiating a
simple collateral ligament injury from a Stener lesion, which
requires surgical treatment. In simple injury, the adductor
pollicis aponeurosis remains superficial to the torn collateral
ligament. In a Stener lesion (Fig. 4.17), the adductor pollicis
aponeurosis is interposed between the torn end of the ulnar
collateral ligament and the base of the proximal phalanx,
interfering with the healing process and warranting a surgi-
cal intervention [12].

Injury to extrinsic and intrinsic carpal ligaments:
Carpal ligaments (Fig. 4.18) play a vital role in stability of
the wrist [13]. Carpal ligaments are classified as intrinsic
(when only attached to carpal bones) and extrinsic (when
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Fig. 4.14 Fluid-sensitive MRI images through the wrist demonstrate
tendinosis and mild tenosynovitis of extensor carpi ulnaris with a super-
imposed partial thickness longitudinal tear

Fig. 4.15 Axial fluid-sensitive MR images demonstrate tenosynovitis
of the first extensor compartment at the level of radial styloid process
compatible with De Quervain’s tenosynovitis

attached to structures outside the carpus). Of the proximal
interosseous ligaments, the scapholunate and lunotriquetral
ligaments are the most important intrinsic carpal ligaments
and are best assessed by MRI.

Scapholunate ligament injury: The scapholunate liga-
ment is a U-shaped ligamentous complex with three compo-

Fig. 4.16 Pulleys are fibrous structures which wrap around the flexor
tendon sheaths of the digits to form a supporting fibro-osseous tunnel.
Five such annular pulleys (A1-A5), together with three cruciate pulleys
(C1-C3), form a fibro-osseous tunnel along each finger

nents: dorsal, volar, and interosseous components. The dorsal
component is the thickest component and is more commonly
injured. Failure of this ligament results in rotary subluxation
of the scaphoid, with volar rotation of the scaphoid and dor-
sal rotation of the lunate (DISI instability as discussed
above).

Lunotriquetral ligament injury: Lunotriquetral liga-
ment is a U-shaped ligamentous complex with three compo-
nents: dorsal, volar, and interosseous components. Volarly it
blends with the ulnocarpal ligaments as part of the triangular
fibrocartilage complex (TFCC). The volar component is the
thickest component and is more commonly injured. Failure
of this ligament results in volar rotation of the lunate (VISI
instability as discussed above).
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Fig.4.17 Stener lesion.
Coronal fluid-sensitive MRI
images through the thumb
demonstrate full-thickness
tear of ulnar collateral
ligament (white arrow) with
the adductor pollicis
aponeurosis interposed
between the torn end of the
ulnar collateral ligament and
the base of the proximal
phalanx (black arrow)

4.6 Miscellaneous Topics

Ulnar variance: Ulnar variance is measured in neutral wrist
position on radiographs and refers to a relative distal projec-
tion of the distal ulnar articular surface with respect to the
radius [14]. In a neutral variance wrist, approximately 80%
of axial loading passes through the radius, and 20% passes
through the ulna. A positive ulnar variance is associated with
more axial loading through the ulna which results in ulnocar-
pal impaction and TFC wear and tear. A negative ulnar
variance results in more axial loading through the radius to
the lunate and scaphoid and may be associated with avascu-
lar necrosis of lunate.

Triangular fibrocartilage complex (TFCC) tear: TFCC
is a complex structure (Fig. 4.19) with several components
supporting a central triangular-shaped fibrocartilage, known
as the TFC, or disk proper portion of TFCC. The TFC is
attached dorsally and volarly to radioulnar ligaments sup-
porting it on the sides like a hammock between the sigmoid
notch and the ulnar styloid. The dorsal and volar radioulnar
ligaments extend from the dorsal and volar edges of the ulnar
styloid process to the dorsal and volar edges of the sigmoid
notch of the distal radius, respectively. Dorsally, the dorsal
radioulnar ligament blends with the ulnomeniscal homo-
logue which extends ulnarly to form a meniscus-shaped sty-
loid component. The styloid component extends distally and
forms a collateral component which joins with the ulnar col-
lateral ligament and ECU subsheath and attaches to trique-
trum distally [15]. Dorsally, the dorsal radioulnar ligament,
ulnomeniscal homologue, and ulnar collateral ligaments
blend with the ECU subsheath. Volarly, the radiocarpal liga-

ment blends with the ulnocarpal ligaments. The TFC is
attached to the ulna via two laminar attachment points which
are in continuity with radioulnar ligaments: the proximal
lamina, which connects to the fovea, and distal lamina which
connects to the ulnar styloid. The fibers interposed between
the proximal and distal lamina are referred to as the ligamen-
tum subcruentum. Injuries to the TFCC have been described
in the Palmer classification as traumatic or degenerative [16].

The blood supply for the TFC is from periphery to its cen-
tral aspect. Therefore, its central aspect is most prone to
degeneration and degenerative central perforation. The
peripheral portion is more vascular and may repair following
injury.

An acute TFCC injury may involve the TFC and any of the
complex supporting components detailed above. Common
patterns of acute TFCC injury include central perforation,
peripheral or ulnar sided tear, distal tear or tear of ulnocarpal
ligaments, and a radial disruption at sigmoid notch. TFCC
tear is usually evaluated on coronal and sagittal fluid-sensitive
pulse sequences of MRI.

A common pattern of chronic TFCC tear associated with
degeneration is seen with ulnar impaction syndrome, as
detailed below.

Ulnar impaction syndrome: Known as ulnar abutment
or ulnocarpal impaction (Fig. 4.20), this syndrome results
from impaction of the ulna on the proximal articular aspect
of the lunate [17]. Etiologies include a positive ulnar vari-
ance associated with excessive axial loading. The spectrum
of findings includes TFC complex wear and tear, lunotriqu-
etral tear, ulnolunate cartilage disease, and ultimately sec-
ondary ulnocarpal degenerative joint disease.



52

0. Khalilzadeh et al.

Fig.4.18 Carpal ligaments. Major dorsal carpal ligaments (a) include
dorsal intercarpal (DIC) ligament and dorsal radiocarpal ligament
(DRC). Major volar carpal ligaments (b) include radioscaphocapitate
(RSC), long radiolunate ligament (LRL) or radiolunotriquetral liga-
ment, radioscapholunate (RSL), short radiolunate (SRL), and ulnocar-
pal (UC) ligaments. Triquetrohamocapitate (THC), radial collateral
ligament (RC), ulnar collateral ligament (UCL), lunotriquetral (LT),
palmar scaphotriquetral ligament (PST), and pisohamate (PH) are also
demonstrated

Ulnar impingement syndrome: This syndrome results
from a shortened distal ulna impinging on the distal radius
proximal to the sigmoid notch, causing secondary degenera-

tive changes including surface remodeling, marginal osteo-
phyte formation, and bone marrow edema [18]. Etiologies of
this syndrome include negative ulnar variance, a madelung
deformity, or surgical resection of the distal ulna.

Hamatolunate impaction: Secondary degenerative
changes with chondral loss and subchondral bone marrow
edema at the hamatolunate articulation occur in patients with
type II lunate [19]. A type II lunate is the existence of a
medial facet on the distal lunate for articulation with the
hamate.

Avascular necrosis: Kienbock disease (Fig. 4.21) is the
eponymous name given to avascular necrosis of the lunate.
Post-traumatic avascular necrosis of the scaphoid is dis-
cussed above as well.

Key Point

e Ulnar variance should be assessed with wrist in
neutral position. Positive and negative ulnar vari-
ance is associated with variation in the axial loading
balance of the distal radius and ulna and may result
in different conditions, including ulnar impinge-
ment, ulnar impaction, and TFCC wear.

4.6.1 Systemic Diseases

Many systemic diseases including rheumatologic conditions,
inflammatory arthropathy, crystal arthropathy, and metabolic
diseases demonstrate manifestations in the hands and wrists.
Discussion of these entities is beyond the scope of this chap-
ter. These disorders are associated with synovitis (Fig. 4.22)
in the various compartments of the wrist as well as tenosyno-
vitis (well depicted by MRI) and periarticular erosions,
which lead to ligamentous injuries and various patterns of
deformity, such as a SLAC wrist.

4,7 Concluding Remarks

This chapter reviews traumatic injuries of the hand and wrist,
highlighting that chronic rheumatologic conditions can be
associated with similar manifestations. Knowledge of anat-
omy is key to the diagnosis in wrist and hand imaging, and
usually, a combination of different imaging modalities may
be needed to effectively diagnose osseous and soft tissue
injuries. Radiographs can show the overall alignment, mar-
gins at the matrix of osseous lesions, presence or absence of
mineralization, and differentiation of ossific from calcific
opacities, including avulsion fractures. Computed tomogra-
phy can better assess radiographically occult fractures and
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Fig. 4.19 Schematic (a) and coronal MR (b) images demonstrate
some of the major components of the triangular fibrocartilage complex
(TFCC), including articular disk (AD), volar radioulnar ligament
(VRU), and ulnocarpal ligaments (UT, ulnotriquetral; UL, ulnolunate;
and UC, ulnocapitate). Extensor carpi ulnaris subsheath (ECUS) and

Fig. 4.20 Coronal fluid-sensitive MR image demonstrates positive
ulnar variance with associated degenerative central perforation of trian-
gular fibrocartilage and subchondral cystic changes/bone marrow
edema of the proximal articular aspect of lunate, compatible with ulnar
abutment syndrome

ulnar collateral ligament are also demonstrated. The numbers corre-
spond to the following: (1) articular disc portion of TFCC; (2) proximal
lamina; (3) ligamentum subcruentum; (4) distal lamina; (5) ulnomenis-
cal homologue; and [6] ulnar collateral ligament

show more details regarding bony alignment and the status
of posttraumatic healing, osseous bridging, or complications
related to fixation hardware. Magnetic resonance imaging
best depicts the bone marrow signal and complex anatomy of
the supporting soft tissue structures. And finally, ultrasound
can add value as a method for real-time functional evaluation
of the tendons and ligaments.

Take Home Messages

* Knowledge of wrist and hand anatomy is key to diag-
nosis. Some of the essential anatomic and clinical top-
ics include topographic tendon anatomy of the wrist
and hand, intrinsic and extrinsic carpal ligaments, col-
lateral ligaments, triangular fibrocartilage complex,
extensor mechanism, flexor tendon, and pulleys.

e Many systemic diseases including rheumatologic
conditions, inflammatory arthropathy, crystal arthrop-
athy, and metabolic diseases demonstrate manifesta-
tions in the hands and wrists. Differentiating an acute
injury on a background of underlying disease may
sometimes be challenging.


https://radiopaedia.org/articles/triangular-fibrocartilage-complex?lang=us

54 0. Khalilzadeh et al.

Fig.4.21 Coronal MR images through the wrist demonstrate bone marrow edema-like signal and low signal sclerotic change involving the lunate
compatible with avascular necrosis, Kienbock disease

e Diagnosis is best made by a combination of imag-
ing modalities, with radiography suited to defining
alignment and osseous abnormalities. CT better
depicts radiographically occult fractures, MRI
best depicts the soft tissue support structures as
well as abnormalities of the bone marrow, and
ultrasound is suitable for a dynamic assessment of
the tendons and ligaments.
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Imaging of the Hip

Reto Sutter and Donna G. Blankenbaker

Learning Objectives

e Understand different osseous pathologies of the hip
joint.

e Know the key imaging findings of the different
types of impingement of the hip joint.

* Explain typical patterns of intra-articular damage of
the hip joint.

5.1 Introduction

In the last two decades, hip imaging has changed substan-
tially. While hip joint damage was commonly evaluated in
conditions such as developmental dysplasia of the hip or
osteoarthritis, an additional condition for early onset hip
osteoarthritis has been discovered since: femoroacetabular
impingement (FAI). New biomechanical insights and
improved techniques for hip preservation surgery have trig-
gered the need for imaging evaluation of patients with sus-
pected FAI [1].

Imaging technology has also changed quite a bit over
these last two decades. Magnetic resonance imaging (MRI)
sequences have become faster, and at the same time, the
image resolution is much better than at the turn of the cen-
tury, allowing for a more accurate evaluation of labrum and
cartilage. And computed tomography (CT) datasets are now
increasingly being used for preoperative 3D planning, e.g.,
with the use of patient-specific instruments modeled to the
individual anatomical deformity.
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5.2 Imaging Evaluation

The radiographic examination is a critical component in the
diagnostic evaluation and treatment decision-making pro-
cess and considered the first-line imaging technique in the
evaluation of hip pain. Anteroposterior view of the pelvis is
standard, and dedicated views of the symptomatic hip are
often performed in the athletic hip which include cross-
table lateral, frog-leg lateral, or Dunn lateral. According to
the American College of Radiology Musculoskeletal
Imaging Criteria [2], MRI is the next appropriate imaging
method in those individuals with negative radiographs. For
symptoms of generalized pain or nonspecific physical exam
findings, imaging is best performed with conventional MRI
of the pelvis and hip. If symptoms or clinical exam findings
suggest intra-articular pathology, dedicated small field-of-
view (FOV) MR arthrography of the hip is considered the
imaging method of choice. Recently, high-resolution con-
ventional MR imaging is replacing MR arthrography at
many centers.

5.3 Osseous Disease

5.3.1 Stress Fractures

Stress injuries are due to a mismatch between native bone
strength and chronic mechanical load applied on bone over
time [3]. However, because stress injuries may progress to
complete fracture and result in prolonged recovery or career-
ending complications, it is imperative to identify these inju-
ries early. Stress injuries are most commonly seen in
endurance athletes, such as runners and military recruits, as
well as recreational athletes with sudden increase in activity
[4]. Stress fractures are classified as fatigue, resulting from
normal bone being subjected to abnormal repetitive forces,
and insufficiency, due to normal stress placed on abnormal
bone [3].
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The repetitive overloading stimulates bone remodeling,
beginning with osteoclastic activity that is not matched by
reparative osteoblastic activity and periosteal maturation,
which lag 10-14 and 20 days, respectively. This causes tem-
porary weakening of the marrow and cortical bone, leading
to microtrabecular fractures (stress reaction) and cortical
failure (stress fracture). Radiographs are not very sensitive in
the identification of stress injuries of the femoral neck.
Classic MRI features include ill-defined focal or diffuse high
T2 bone marrow signal due to microtrabecular fractures and
intramedullary edema, with or without corresponding low
T1 signal and/or periosteal edema (Fig. 5.1). With any of
these findings, one should carefully evaluate for a hypoin-
tense band in the marrow or focal cortical abnormality,
indicating stress fracture and necessitating prolonged non-
weight-bearing or rest from sporting activity. Because of the
severe consequences of undiagnosed femoral neck stress
fractures, the diagnosis is based on combined imaging find-
ings of periosteal edema, endosteal edema, and high cortical
signal, regardless of visible fracture line [4].

5.3.2 Osteonecrosis

Femoral head osteonecrosis (ON) is a common disease and
potentially disabling disorder affecting mainly middle-aged
adults that can lead to early osteoarthritis due to femoral
head collapse and joint incongruity. It is estimated that the
rate of symptomatic femoral head ON is 2—4.5 cases per

Fig. 5.1 Coronal T2 fat-suppressed MR image in a 40-year-old runner
with hip pain shows edema along the medial femoral cortex and endos-
teal edema representing a stress fracture (arrow)

patient year, resulting in 10,000-20,000 new cases annually
in the United States. However, this incidence markedly
underestimates the true prevalence of ON, as the majority of
patients are asymptomatic [5]. Various conditions have been
associated with the development of ON, with idiopathic
causes, trauma, corticosteroid use, and alcohol consumption
implicated in most cases. Other causes include metabolic
and hematologic disorders, marrow storage disorders, pan-
creatitis, radiation, drug therapy, occlusive vascular disease,
infection, renal disease, Caisson disease, and rheumatologic
conditions [5].

The initial phase of ON is cell death, interruption of cell
enzymes, and loss of cell metabolic activity. The next patho-
logic phases represent a continuum of development of a reac-
tive interface in an attempt to wall off and repair the area of
ON. Over time, the reactive interface continues to develop
and mature as a discrete zone at the margin of the area of
ON. This reactive interface zone is essentially a vascularized
granulation tissue attempting to repair the area of ON. Within
the epiphysis, the junction of the reactive zone with the artic-
ular subchondral bone plate undergoes increased bone
resorption which can lead to early fracture of the overlying
cartilage at these locations and subsequent subchondral frac-
ture. This is often the earliest manifestation of an impending
articular collapse [6, 7]. Progressive fragmentation of the
articular surface and secondary osteoarthritis are almost
inevitable due to cortical flattening and collapse.

Diagnosis of femoral head ON depends on the combi-
nation of clinical symptoms and evaluation of radiographs
and/or MRI (Fig. 5.2). Imaging has an important role in
ON evaluation, allowing early detection, assessment of
severity and prognosis, treatment options, and postopera-
tive follow-up [7]. Radiographs are the initial imaging
method in the evaluation of the patient with hip pain, how-
ever, are insensitive for early changes of ON [6]. In late
stage ON, the radiographic features are often characteristic
and usually do not require further imaging workup. At ini-
tial stages, nonspecific patchy areas of lucency and sclero-
sis can be identified on radiographs. As the disease
progresses, a subchondral fracture with a crescentic
appearance (crescent sign) may be visualized. Eventually
this will lead to articular surface collapse and development
of secondary osteoarthritis [6].

MR imaging is the most sensitive method for detecting
early ON. There are two conditions involving the femoral
head that can mimic ON leading to misdiagnosis and
require imaging distinction: bone marrow edema syndrome
(transient osteoporosis of the hip) and subchondral insuffi-
ciency fracture. A missed diagnosis and delay in appropri-
ate treatment may result in disease progression and
significant morbidity. Therefore, extra care in differentiat-
ing this process from other causes of femoral head or neck
edema is important.
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Fig. 5.2 Coronal T1 (a) MR shows bilateral femoral head serpentine
low signal foci representing osteonecrosis in this 61-year-old man
(arrows). Small field-of-view coronal T2 fat-suppressed (b) and sagittal
PD fat-suppressed (c¢) images show the amount of involvement of the
femoral head (arrows)

The MR appearance of ON is most commonly described
as a geographic subchondral bone marrow signal abnormal-
ity, including band-like or linear T1 hypointensity represent-
ing the demarcation/transition zone [8]. The “double line
sign” on T2-weighted images, described as a low-intensity
outer rim with inner rim of hyperintense granulation tissue,
is pathognomonic for this process [9]. Subchondral collapse,
which is often underestimated on MR imaging, is not seen
until late in the disease process and is a sign of poor progno-
sis. The continuous linear low signal abnormality with gen-
erally convex contour helps differentiate this entity from
femoral head insufficiency fractures. Bone marrow edema is
found with higher stages of ON and not considered an early
finding [10]. The late stage imaging findings include edema
around the transition zone, edema and/or sclerosis in the
necrotic zone, subchondral fractures, collapse, and osteoar-
thritis. The edema has been shown to correlate with pain and
more likely to progress to collapse [11].

Various staging systems have been developed for assess-
ment of adult femoral head ON [12, 13]. All of these stag-
ing systems have in common progression fromradiologically
occult disease to positive imaging findings of ON to femo-
ral head collapse and finally development of secondary
osteoarthritis. The clinical significance of epiphyseal ON is
almost entirely dependent on articular surface collapse [5].
The femoral head volume that is involved by ON appears to
be the most important imaging predictor of subsequent
articular collapse. ON affecting more than 25-50% of the
femoral head volume is more likely to progress to articular
collapse, while femoral head ON involving less than
25-30% of the femoral head is unlikely to progress to artic-
ular surface collapse [5].

5.3.3 Subchondral Insufficiency Fracture

Subchondral insufficiency fractures (SIF) of the femoral
head are a cause of marked mechanical hip pain and typi-
cally occur in the older, osteoporotic population. These frac-
tures may progress to advanced collapse and therefore
should be recognized on imaging and distinguished from
osteonecrosis [6]. The MR imaging findings of SIF are that
of a low signal subchondral line that parallels the articular
surface and extensive bone marrow edema of the femoral
head/neck (Fig. 5.3). The presence of the typical band of
low signal intensity in the subchondral bone, convex to the
articular surface, has been suggested as specific for an insuf-
ficiency fracture, distinguishing it from the well-defined
zonal pattern of signal abnormality found in osteonecrosis.
Additionally, contrast-enhanced MR imaging may be help-
ful to distinguish SIF from osteonecrosis where hips with
SIF will enhance proximal to the low signal intensity band
in the femoral head, while osteonecrosis does not enhance
proximally [14].
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Fig. 5.3 Coronal T2 fat-suppressed (a) and sagittal PD fat-suppressed
(b) MR images in a 51-year-old woman demonstrates subchondral
insufficiency fracture (arrows). A subchondral linear band of low signal
is present beneath the femoral head with surrounding bone marrow
edema

5.3.4 Bone Marrow Edema Syndrome

The term transient bone marrow edema syndrome describes
two clinical entities, transient osteoporosis of the hip (TOH)
and regional migratory osteoporosis (RMO). Many consider
this to be a “transient painful marrow edema.” These condi-
tions have basic characteristics which include sudden onset
of pain in middle-aged men and in pregnant/post-partum

Fig. 5.4 Anteroposterior radiograph (a) of the pelvis in a 52-year-old
man shows lucency of the right femoral head/neck (arrow). Coronal T2
fat-suppressed MR image (b) shows diffuse bone marrow edema within
the femoral head/neck (arrow). There is no subchondral fracture line or
findings of osteonecrosis

women, spontaneous with gradual resolution of symptoms
with conservative treatment (6—8 months), and presence of
bone marrow edema on MRI [6]. This is typically a unilateral
process but, however, can involve the contralateral side.
Radiographs may show severe osteopenia of the proximal
femur and require at least 5 weeks from the onset of symp-
toms to become evident [15]. The MR imaging findings
include bone marrow edema within the femoral head/neck
and hip joint effusion (Fig. 5.4). There should not be a dou-
ble line or demarcation sign as seen with osteonecrosis or
subchondral changes. Insufficiency fractures may occur. Our
recommendation is if you see diffuse edema on MR within
the femoral head/neck, the patient may be vulnerable to
insufficiency fracture. If a fracture line is present, just
describe this as an insufficiency fracture.
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5.4 Hip Impingement

There are several types of intra- and extraarticular impinge-
ment of the hip. While this chapter covers femoroacetabular
impingement (FAI), abnormal femoral torsion, and subspine
impingement, other types of extraarticular impingement
exist, such as ischiofemoral impingement, greater trochanter
impingement, or impingement due to extreme hip motion,
such as in ballet dancers or kickboxers [16].

5.4.1 Biomechanical Concepts

Femoroacetabular impingement (FAI) is typically seen in
young and athletic individuals who report hip or groin pain
and present with reduced internal rotation of the hip joint
[17]. At imaging there are two well-recognized osseous
hallmarks of FAI: the cam deformity at the head-neck
junction of the femur is the first hallmark (Fig. 5.5), and
the second is an increased osseous coverage of the acetab-
ulum known as pincer deformity, either due to a generally
increased coverage or due to focal retroversion of the
upper portion of the acetabulum. If these osseous deformi-
ties are present, a mechanical conflict may occur during
internal rotation, with an increased mechanical impact
between the proximal femur and the acetabular bone and
subsequent damage to the acetabular labrum and to the
articular cartilage of the hip.

There is however a third major osseous factor in the
pathogenesis of FAI: femoral torsion, also termed femoral
version, is the angle between the orientation of the femoral
head and neck proximally versus the orientation of the fem-
oral condyles distally, at the level of the knee. While
increased femoral antetorsion has long been recognized as
a part of the osseous deformities in developmental dyspla-
sia of the hip, the discovery that abnormal femoral torsion
plays a substantial role in the development of FAI is much
more recent [18].

The three major osseous factors for the development of
FAI are often seen in combination and not as isolated entities
[19]. When evaluated individually, the literature shows that
the risk of subsequent hip osteoarthritis is highest in the pres-
ence of a cam deformity, while this association is less well
established for isolated pincer deformities and abnormal
femoral antetorsion [1].

Key Point

e The three major osseous factors in the pathogenesis
of femoroacetabular impingement (FAI) are the
cam deformity, pincer deformity, and abnormal
femoral antetorsion.

Fig. 5.5 Cross-table lateral radiograph (a) of the right hip in a 32-year
old male competitive fencer with femoroacetabular impingement show-
ing a large anterior cam deformity (asterisk). Coronal PD fat-suppressed
(b) MR image demonstrates full-thickness labral tear with intra-substance
ganglion (thin arrow) and adjacent peripheral defect of acetabular car-
tilage (outline arrow). Oblique axial T2 fat-suppressed (¢) MR image
shows an intra-cartilaginous osteophyte and adjacent central cartilage
defects of the femur (arrowheads) as well as the cam deformity (asterisk)
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5.4.2 Imaging Evaluation of FAI

After clinical examination, patients with suspected FAI are
evaluated with radiographs as the first step of the imaging
workup. On standard anteroposterior pelvic radiographs,
the osseous coverage of the acetabulum is assessed, in
order to detect the presence of a pincer morphology of the
hip joint. A general increase of acetabular coverage is indi-
cated by an increased lateral center edge (LCE) angle. An
LCE angle of more than 40° indicates a deep acetabulum or
coxa profunda. Alternatively, the depth of the acetabulum
can be assessed visually, by identifying the presence or
absence of an intersection between the acetabular fossa and
the ilioischial line [20].

Apart from a generally increased osseous coverage, the
orientation of the acetabulum can also be abnormal: if the
acetabulum is retroverted, this results in an increased
mechanical conflict between the femur and the acetabulum
during internal rotation. Typically, it is the upper portion
of the acetabulum where this retroversion occurs, which
can be readily assessed on anteroposterior pelvic radio-
graphs. The following three signs are indicative of acetab-
ular retroversion: the crossover sign (or figure-of-eight
sign), the posterior wall sign, and the ischial spine sign.
While both the quantitative and qualitative assessment of
pincer deformities on radiographs are easy to perform, it is
important to know that to some degree these osseous
deformities can also be detected in asymptomatic individ-
uals. While the radiographic evaluation is an important
part of the assessment of patients with FAI, there is no
clear threshold that reliably allows identifying patients
with pincer-type FAI [20].

Some cam deformities can be seen on radiographs, but
typically MRI or CT with radial reformations is needed for
the detection and assessment of cam deformities, especially
in the location where they most commonly occur, the anter-
osuperior aspect of the femur. Over the years, many mea-
surements have been proposed to assess cam-type
deformities, such as the alpha-angle, femoral offset, and
femoral distance measurements. The best-known measure-
ment is the alpha-angle, which was introduced 20 years ago
for assessing cam deformities at the anterior location of the
femoral head. The initially proposed threshold for the
alpha-angle was 55°, but later data showed that in a clinical
setting, this results in a substantial number of false-positive
cases [21, 22]. Raising the threshold to 60° or an even
higher value reduces the rate of false positives but also sub-
stantially reduces the sensitivity of the measurement, as
there is a large overlap in the presence of osseous deformi-
ties between asymptomatic healthy individuals and patients
with FAL There is no clear threshold that reliably allows
identifying patients with cam-type FAI.

5.4.3 Assessing Joint Damage in FAI

An important part of the imaging evaluation in patients with
suspected FAI is the assessment of any damage to the labrum
and articular cartilage, which is described later in this chap-
ter. Importantly, the assessment of joint damage allows accu-
rate preoperative planning in those patients that need surgery.
Moreover, in patients scheduled for surgery, the assessment
of joint damage allows the stratification of patients into those
with only minor and peripheral joint damage — these indi-
viduals can expect a good long-term outcome after
arthroscopic surgery. Patients with more central lesions of
the articular cartilage or widespread joint damage may
choose to undergo surgery for pain relief, but the surgical
procedure will not allow to prevent or delay osteoarthritis in
those patients [1].

5.4.4 FAlTreatment

Exercise therapy is considered a good first option in patients
with symptomatic FAI, with half of patients benefiting from
a 12-week regimen of progressive exercise therapy. However,
exercise therapy usually is not successful in patients with
severe cam deformities, and in those patients, surgery is
often advised [23]. Surgical treatment of symptomatic
patients with FAI has a good success rate, with 80% of all
patients reporting a good outcome and with a high rate of
return to sport for professional athletes: in a recent meta-
analysis, 94% of professional athletes returned to sports after
arthroscopic hip surgery [17]. Those professional athletes
with a shorter duration of symptoms before surgery had a
significantly higher rate of return to sports than those with
long-standing preoperative symptoms. The rate of conver-
sion to hip arthroplasty after previous FAI surgery is 10% at
10-year follow-up, and patients with labral reattachment
show a better clinical outcome than patients with a resected
labrum, but without a difference in progression of osteoar-
thritis or conversion to hip arthroplasty [24].

5.4.5 Femoral Torsion

Decreased femoral antetorsion results in an additional
mechanical impaction during internal rotation of the hip,
worsening the symptoms of FAI patients with a cam or pin-
cer deformity [18]. Femoral antetorsion tends to be lower in
patients with cam-type FAI, but the range of femoral torsion
seen in patients with FAI is large, with an average femoral
torsion of 13° and a normal range of 4°-20°. Consequently,
in some patients femoral torsion plays an important role in
the development of FAI, while in other patients this factor is
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Fig. 5.6 Femoral retrotorsion in a 33-year-old man with hip pain.
Axial T2 MR images over the proximal (a) and distal (b) femur show
that the femoral neck axis (orange line in a) is oriented in 12° retrover-
sion compared to the tangent at the femoral condyles (dashed white line
in b). No cam or pincer deformities were seen in this patient

not relevant. On the other hand, abnormal femoral torsion
(Fig. 5.6) can also cause symptoms in patients without cam
or pincer deformities [16].

Femoral torsion needs to be measured at CT or MRI,
because the clinical assessment of femoral torsion is notori-
ously unreliable [25]. Both CT and MRI are feasible for
measuring femoral torsion, with MRI being the favored
imaging method due to the lack of radiation.

Key Point

* Decreased femoral antetorsion results in increased
mechanical impact during internal rotation of the
hip, while increased femoral antetorsion can result
in posterior extraarticular impingement.

Several reproducible measurement methods have been
described, and it is advisable to use a consistent method that
is both accepted by the radiologists and the surgeons or sport
physicians treating the patient. Care should be taken how-
ever to employ only strictly axial images for femoral torsion
measurements, as the use of axial oblique images results in
divergent measurements [26]. While in most patients
decreased femoral torsion is associated with reduced range
of motion due to intra-articular impingement, in about a third
of patients, reduced femoral torsion is associated with sub-
spine impingement [27].

In FAI patients with abnormal femoral torsion, often the
surgical removal of the cam deformity and acetabular rim
trimming increase the range of motion of the hip joint suffi-
ciently to also compensate for the abnormal femoral torsion.
In patients with severe torsional abnormalities, or in patients
with abnormal femoral torsion without concomitant FAI, a
de-rotation osteotomy of the femur can be performed to nor-
malize femoral torsion.

5.4.6 Subspine Impingement

Before the closure of the apophysis at the anterior inferior iliac
spine (AILS), apophyseal avulsion may occur in young ath-
letes with repeated heavy loads on the hip such as soccer play-
ers (Fig. 5.7). Specifically, it is the origin of the rectus femoris
tendon at the AIIS that is affected, either due to a single trau-
matic injury or due to repeated traction injuries [28].

The AIIS is typically enlarged in these patients, with a
prominent osseous protrusion at the origin of the rectus fem-
oris tendon. There is mechanical impaction between the AIIS
and the proximal femur in these patients during hip flexion,
and the disorder has been termed subspine impingement due
to the impingement of soft tissues between the anterior infe-
rior iliac spine and the femoral neck.

The apophyseal injuries of the AIIS typically affect ado-
lescents, but the sequelae can persist into adulthood, as is
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Fig.5.7 Subspine impingement in a 14-year-old female soccer player
with previous apophyseal avulsion. Sagittal PD fat-suppressed MRI
shows widened and irregular aphophyseal gap (arrowheads) and dis-
placement and enlargement of the anterior inferior iliac spine (asterisk).
Note origin of the rectus femoris tendon (arrow)

evident in a recent report of patients who were surgically
treated for subspine impingement at an average age of
43 years [29]. However, most patients respond well to con-
servative treatment.

Key Point

* Subspine impingement is a mechanical impaction
between an enlarged anterior inferior iliac spine
(AIIS) and the anterior aspect of the femoral neck
in patients with previous apophyseal avulsion injury
of the rectus femoris tendon.

Subspine impingement is often seen in patients who also
suffer from FAI, possibly because both disorders are more
commonly seen in athletes involved in high-level sports at a
young age, just before the closure of the growth plates [30].
In adolescents, a widened and irregular growth plate may be
seen at imaging, with adjacent bone marrow edema at
MRI. In adult patients with long-standing subspine impinge-
ment, imaging signs in addition to an enlarged AIIS may
include an osseous bump at the distal femoral neck and supe-
rior capsular edema adjacent to the AILS. A distal location of

a cam deformity at the anterior aspect of the femoral neck is
an independent risk factor for symptomatic subspine
impingement [29].

5.5 Intra-articular Damage

5.5.1 Acetabular Labrum

The acetabular labrum is a fibrocartilaginous structure
attached to the rim of the bony acetabulum. The transverse
ligament creates a complete ring inferiorly, attaching to the
anterior and posterior margins of the inferior labrum. Despite
a limited vascular supply, there is an ample network of nerve
endings with nociceptive and proprioceptive functions,
explaining why labral tears may be painful [31]. The labrum
is thought to increase stability at the hip joint, deepening the
acetabulum which helps to resist lateral and vertical transla-
tion for the femoral head. The labrum also provides a seal for
the joint, enhancing fluid lubrication, maintaining synovial
fluid pressure, and preventing direct contact of the joint
surfaces.

The shape of the labrum is triangular in the majority of
individuals with the base attached to the bony acetabulum
and acetabular cartilage [32], although it can have a rounded
or irregular configuration. These variations from the expected
triangular shape have been correlated with increasing age,
suggesting typical degeneration. Labral hypoplasia or
absence is described by some as a normal phenomenon,
reportedly found in 1-10% of the population [32]. In gen-
eral, however, absence of the labrum is more commonly seen
in older individuals and is considered abnormal, likely due to
degeneration or a chronic tear. The MR appearance of the
normal labrum is triangular in morphology and hypointense
on all pulse sequences. A normal transition zone of 1-3 mm
between the labrum fibrocartilage and adjacent articular hya-
line cartilage is important to recognize in MR interpretation
s0 as not to confuse the appearance for a labral tear [33].

The etiology of labral tears includes trauma (posterior
dislocation, twisting injury), underlying bony abnormality
(hip dysplasia or FAI morphology), anterior capsule laxity,
and idiopathic or age-related tears. Of these, the most impor-
tant in athletes is the presence of FAI morphology. The rela-
tionship between FAI morphology and labral tears has been
well documented in studies of many athletes, including row-
ers, football players, and dancers [34]. Thus, labral pathol-
ogy should be considered in any athlete with radiographic
bony morphologic abnormalities.

There are several surgical and MR-based classifications
for description of labrum tears that have been proposed [33,
35]. Due to the lack of agreement between these classifica-
tions, the imaging assessment should instead focus on an
accurate descriptive report including tears, size (extent),
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Fig. 5.8 Sagittal (a) and axial oblique (b) PD fat-suppressed MR
images in a 22-year-old woman with hip pain shows linear high signal
across the labral base representing labral injury (arrow)

and associated osseous changes at the acetabular rim. The
MR imaging features of labral tears include contrast or
high signal extending into the substance of the labrum,
most often from the articular surface; blunting or irregular-
ity of the labral apex or undersurface; or complete detach-
ment from the acetabulum [35, 36] (Fig. 5.8). The
description should include whether there is an intra-sub-
stance tear or detachment and whether there is a partial-
thickness or full-thickness tear. Additional descriptions

may include frayed (irregular labrum margins without dis-
crete tear), flap tear (contrast extending into or through
labrum substance), thickened/distorted, or complex [35].
The extent of the tear can be determined using a clockface
or quadrant localization. An associated secondary finding is
a paralabral cyst, which is most common on the capsular
surface of the labrum and may extend into the subchondral
bone of the acetabulum.

Key Point

* Imaging assessment of the labrum should focus on
tears and their extent; the description should differ-
entiate between intra-substance tears or detachment
and partial- or full-thickness tears. Possible addi-
tional features such as labrum fraying, flap tear, as
well as associated osseous changes at the acetabular
rim should also be described.

There are several anatomic variants that mimic labral
pathology and may be mistaken for tears if not recognized.
High signal at the chondrolabral junction is a commonly
misinterpreted imaging finding. Mildly hyperintense sig-
nal at the articular surface of the labral base may be seen
with cartilage undercutting and the previously described
transition zone of the labral attachment to the articular car-
tilage. The hyaline cartilage has higher signal intensity
than the labrum and may extend beneath the labral base,
resulting in linear intermediate to hyperintense signal at
the chondrolabral junction. This can be distinguished from
a labral tear because the signal is hypointense to fluid or
contrast and smoothly parallels the labral base and acetab-
ular rim. Another cause of high signal at the chondrolabral
junction may be due to a sublabral sulcus. This normal
variant is located where the labrum meets the adjacent car-
tilage but is not directly attached at the articular surface.
This sulcus is present in approximately 20-25% of the nor-
mal population and should not be confused with a labral
tear [37]. A sublabral sulcus is a shallow, smooth defect at
the labral base along the articular surface, involves less
than 1/3 of the labral thickness, and often has a larger
width than depth. The key to differentiating the normal
variant sulcus from a tear includes its smooth contour, lim-
ited depth, and lack of secondary abnormalities, such as
cartilage damage or paralabral cysts. Sublabral sulci are
most commonly found at the posterior and anteroinferior
labrum, but have been described in a variety of locations.
Another smooth, shallow cleft at the chondrolabral base
may be seen at the junction of the labrum and transverse
ligament: labroligamentous sulcus. This is found in up to
one third of normal, asymptomatic individuals [37].
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5.5.2 Articular Cartilage

Unlike the fibrocartilage of the labrum, the articular cartilage
of the acetabulum and femoral head is composed of hyaline
cartilage, which is made up of predominantly water rein-
forced by chondrocytes and a type II collagen and proteogly-
can matrix. The cartilage covers the majority of the femoral
head, sparing only the fovea superomedially where the liga-
mentum teres attaches. The acetabular cartilage covers the
osseous surface, except at the acetabular fossa. The articular
cartilage is thickest at the superolateral acetabulum and
anterosuperior femoral head, where there is greatest contact
and need for load-bearing support.

Cartilage injuries are commonly found in combination
with other abnormalities, specifically in association with
labral tears and femoroacetabular impingement and follow-
ing subluxations and dislocations [38]. Therefore, those
who are predisposed to labral pathology, underlying FAI
morphology, and subluxation or dislocation of the hip are
also considered at risk for cartilage injury. Cartilage dam-
age may be caused by shearing, impact, or routine wear on
an incongruent joint. Because of its high water content, car-
tilage is generally hyperintense on T2-weighted images and
intermediate signal on proton density images. On MR
imaging cartilage injury manifests as generalized thinning,
surface irregularity, fissures, delamination, chondral flaps,
or full-thickness cartilage defects (Figs. 5.9 and 5.10). A
specific, although not sensitive, sign for cartilage delamina-

Fig. 5.9 Coronal T2 fat-suppressed MR image in a 34-year-old man
shows a focal cartilage defect near the labral base (arrow). Additionally,
adjacent linear low signal may represent cartilage delamination. At
arthroscopy, this was confirmed as delamination

tion is the presence of fluid or injected contrast material
undermining the cartilage layer on MR arthrography [39].
Hypointense areas in the acetabular cartilage have been
shown to correlate with cartilage delamination [40]. Most
cartilage injuries involve the anterior acetabulum, followed
by the superior and posterior acetabulum, and cartilage
lesions are often accompanied by labral pathology, particu-
larly when higher-grade cartilage damage is present. As the

Fig. 5.10 Coronal (a) and sagittal (b) T1 fat-suppressed MR arthro-
gram images in a 43-year-old man show superficial and deep multifocal
cartilage loss (arrows) predominantly involving the acetabulum. Note
adjacent labral tear
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cartilage status is considered to be one of the most impor-
tant predictors for a favorable outcome of joint preserving
hip surgery for hip dysplasia and FAI, close scrutiny and
evaluation of the articular cartilage are key in the evalua-
tion of the hip joint.

Key Point

e Articular cartilage lesions are important outcome
predictors and can manifest as generalized thinning,
surface irregularity, fissures, delamination, chon-
dral flaps, or full-thickness defects; additionally, the
exact location of cartilage defects at the acetabulum
and femoral head should be given.

5.5.3 Ligamentum Teres

The ligamentum teres (LT) is an intra-articular ligament,
comprised of two to three bands, connecting the fovea capitis
of the medial femoral head and the transverse ligament of the
inferior acetabular notch [41]. This ligament may have a role
in stabilization of the adult hip and has been recognized as a
potential source of pain and instability if torn [42]. The most
common known etiology of ligamentum teres injury is
trauma, ranging from dislocation to extreme abduction to
relatively minor twisting or external rotation of the hip. Thus,
sports with relatively high impact or twisting movements,
including football, ice hockey, snow skiing, and dance, pre-
dispose athletes to LT injuries [42]. Symptoms of ligamen-
tum teres tears are typically nonspecific, including deep
anterior groin or hip pain, and often accompanied by
mechanical snapping or catching sensations [42].

Noninvasive diagnosis of LT tears is challenging, not only
because of a lack of specific symptoms but also due to poor
visualization on imaging. Recent studies have shown that
ligamentum teres abnormalities are detected in up to 51% of
hip arthroscopies [43].

The normal appearance of the LT on MRI is a hypoin-
tense band on all sequences due to its fibrous nature and
composition of tightly packed collagen bundles. Tears are
most easily identified when complete, demonstrating
absence when chronic and a redundant displaced band of
tissue when acute. Other appearances of a torn LT include
thickened, intermediate signal with degeneration or
degenerative intrasubstance tearing, irregularity of the
fibers with fraying, and disrupted fibers or fluid signal
intensity within a distorted ligament with partial tears
(Fig. 5.11). Even though there is limited accuracy, MR
arthrography is still considered the best imaging method
for diagnosis [43].

Fig.5.11 Coronal (a) and axial (b) T2 fat-suppressed MR arthrogram
images in a 42-year-old woman show irregular appearance and disrup-
tion of the proximal fibers of the ligamentum teres, near the fovea
(arrows). This was a partial tear at arthroscopy and was subsequently
debrided

5.6 Concluding Remarks

State-of-the art imaging of the hip joint allows good assess-
ment of osseous and soft tissue damage of the hip joint.
Knowledge of specific injury patterns aids in identifying
damage to the labrum and articular cartilage lesions.
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Take Home Messages

* Evaluation of the osseous morphology is the first
cornerstone of hip imaging; this includes assessing
diseases such as stress fractures or osteonecrosis, as
well as detecting abnormal osseous morphology of
the hip joint, such as seen in femoroacetabular
impingement.

e Femoral torsion abnormalities are more common
than previously thought and cannot only be seen in
developmental dysplasia of the hip but also in
patients with hip impingement; we recommend to
acquire additional fast transverse MR sequences
over the proximal and distal femur to measure fem-
oral torsion and identify those patients with abnor-
mal femoral antetorsion.

e Intra-articular damage of the labrum and cartilage
can be readily assessed with MRI; the exact descrip-
tion of the localization and extent of any intra-artic-
ular damage is an important predictor for outcome,
especially in patients with femoroacetabular
impingement.
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Pelvis and Groin

Practical Anatomy, Injury Patterns, and Imaging

Findings

Robert D. Boutin

Learning Objectives

e At the anterior aspect of the pelvis, review groin
pain in athletes, including appropriate imaging
workup, terminology, and injury patterns.

e At the lateral aspect of the pelvis, highlight the key
anatomy and imaging findings associated with
abductor tendon disorders and proximal iliotibial
band syndrome.

» Atthe inferior aspect of the pelvis, highlight the key
anatomy and imaging findings associated with ham-
string disorders and ischiofemoral impingement.

* At the posterior aspect of the pelvis, highlight the
key anatomy and imaging findings associated with
injuries at the sacrum and coccyx.

The groin and pelvis represent a large anatomical region
with disorders affecting a diverse array of osteoarticular,
musculotendinous, gastrointestinal, and genitourinary struc-
tures. Clinically, it can be difficult to pinpoint a pain genera-
tor, and imaging often proves helpful for establishing a
diagnosis — particularly if the imager is familiar with practi-
cal anatomy, common injury patterns, and high-yield imag-
ing findings.

Anatomy is fundamental to understanding the key con-
cepts in this chapter (Figs. 6.1 and 6.2). The groin and pelvis
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are at the junction of the trunk and lower extremities and are
subjected to prodigious compression, traction, and shearing
forces. For example, even with an everyday activity like a
“single leg stance,” physiologic loading can be phenomenal:
~7.7 times the body weight (4653 N) [1]. In athletes, power-
ful muscle contractions and various ‘“‘supra-physiologic”
demands can cause biomechanical overloading from acute
trauma or repetitive microtrauma.

Radiologists benefit from knowledge of anatomic target
sites for biomechanical failure and common injury patterns.
Injuries can occur across a life span in acute, chronic, and
acute-on-chronic settings. While stress fractures can occur
in both pediatric and adult patients, there are other types of
injuries favoring particular age groups.

* In skeletally immature patients, a frequent “weak link” in
the “kinetic chain” is the apophyseal physis (which is
weaker than the adjacent bone and tendon). Apophyseal
avulsions in the pelvis most commonly occur at the ischial
tuberosity and anterior superior iliac spine; other charac-
teristic sites include the anterior inferior iliac spine, iliac
crest, and pubic symphysis (Figs. 6.3 and 6.4). Of note,
prior to ossification of apophyses (e.g., typically from 13
to 15 years of age at the ischial tuberosity), avulsions are
occult radiographically [2]. Apophysitis also can occur in
this age group [3].

e In young adults, the myotendinous junction is a com-
mon point of biomechanical failure for acute non-con-
tact injuries [4]. Particularly frequent sites of injury in
young adult athletes include the myotendinous junction
of the hamstrings and rectus femoris (Figs. 6.5-6.7).
With repetitive microtrauma, often with muscle imbal-
ances, overuse injuries often occur at the tendon (tendi-
nopathy) with peritendinous edema (e.g., peritendinitis,
enthesitis).

e In older adults, tendon degeneration is increasingly preva-
lent, with resultant weakening of the tendon. Imaging
commonly showing tendinopathy and tendon tearing.
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Fig. 6.1 (a) Normal anatomy, male cadaver dissection, anterolateral
view. Asterisks mark the center of the symphysis pubis. The tendinous
attachment of adductor longus (AL) to tissue overlying the anterior
symphysis pubis is elevated by a pin and inferiorly outlined with
arrows. Pyramidalis (P) is reflected to reveal rectus abdominis (RA).
The medial margin of adductor brevis (AB) can be seen medial to
adductor longus (AL). (b) Normal sagittal MRI anatomy. A 29-year-old
male athlete (experienced previous pubalgia). Sagittal T1 FFE MR
image shows edge of fibrocartilagenous disk (D), interdigitating hya-
line cartilage and pubic bone (black arrowheads). Anteriorly, the capsu-
lar tissues (white arrowheads) merge with the disk (D) and rectus

Fig. 6.2 Normal anatomy, MR imaging. Axial oblique T1 MR image
shows pubic bodies (P) and the adductor group tendons (arrowheads)
beginning to separate from the aponeurotic tissues (*). Normal ilio-
psoas tendons (small arrows). (Reproduced with permission from refer-
ence Madani H, Robinson P. Top-Ten Tips for Imaging Groin Injury in
Athletes. Semin Musculoskelet Radiol. 2019;23(4):361-75.)

Although it can be difficult to pinpoint a precise pain
generator clinically, patients often present with orthopedic
complaints that are most severe in a particular region of
the pelvis: anterior, lateral, inferior, or posterior. (Note:
The hip joint is covered in a separate chapter.) In this chap-
ter, we highlight the most important injury patterns in each
of these four locations, with a special emphasis on the
anterior pelvis.

abdominis tendon (white arrow). Pyramidalis present anteriorly (aster-
isk). (¢) Lateral to (a) pubic marrow and cortex (P) with thin layer of
intermediate signal hyaline cartilage (small arrowheads) closely applied
to the anterior capsular tissues (between large white arrowheads).
Merging with this tissue are the rectus abdominis tendon (RAb), pyram-
idalis (asterisk), superficial adductor longus tendon (arrows), deeper
muscle (AL), and adductor brevis (ABr) muscle. (Reproduced with per-
mission from Robinson P, Salehi F, Grainger A, et al. Cadaveric and
MRI Study of the Musculotendinous Contributions to the Capsule of
the Symphysis Pubis. American Journal of Roentgenology.
2007;188(5):W440-W445.)

6.1 Anterior Pelvis

6.1.1 Who Is Most Likely to Get Imaging
for Anterior Pain?

At the anterior aspect of the pelvis, orthopedic imaging is
often performed in athletes with pain. Athletic-related groin
pain can occur with acute injuries, but commonly presents
with an insidious onset owing to overuse. Sports that involve
intense pivoting, twisting, and kicking are often implicated
(e.g., soccer/football, rugby, hockey).

* In professional ice hockey players, for example, over half
of all players experience groin and hip problems in a typi-
cal season, with almost one-third losing time from play-
ing their sport [5].

e Other athletes also can experience groin pain, including
dancers, swimmers, runners, and even unicyclists. In a
recent study of 1304 unicyclists (who actively use adduc-
tor and other muscles), 17% complained of groin pain [6]!

6.1.2 WhatIs the Optimal Imaging Workup?

Radiography is the initial screening test of choice in many
practices. Unfortunately, radiography is often insensitive
and non-specific in patients with chronic groin pain.
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Fig. 6.3 Apophyseal injury. A 16-year-old rugby player with sudden anterior hip pain. (a) Coronal and (b) axial T2FS MR images show avulsion
of the left anterior inferior iliac apophysis (arrow), hematoma (arrowheads), and intact indirect head of rectus femoris

Fig. 6.4 Apophyseal injury. A 17-year-old soccer player with subacute hamstring pain. (a) Axial and (b) coronal T2FS MR images show left
ischial apophysis edema, stress fracture and periosteal reaction (arrow), and normal hamstring tendons (arrowheads)

Fig. 6.5 Myotendinous injury. A 24-year-old soccer player with acute ~ biceps femoris myotendinous tear with tendon involvement (arrows)
hamstring pain. Axial T2FS MR images show (a) right proximal thigh ~ with decompressed hematoma (asterisk) around the sciatic nerve (small
with normal conjoint tendon (arrow), semimembranosus (large arrow-  arrowhead) and fascia. Normal semimembranosus (large arrowhead)
head), and sciatic nerve (small arrowhead) and (b) semitendinosus and
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Fig. 6.6 Myotendinous injury. A 23-year-old soccer player with acute
anterior hip pain. Axial and sagittal T2FS MR images show (a) left
proximal thigh intact indirect head tendon (arrow), direct head tendon

(arrowhead), and muscle edema. (b) and (c¢) Inferior to (a) show intact
indirect head tendon (arrow), torn direct head tendon (arrowhead), and
extensive muscle disruption

Fig. 6.7 Myotendinous injury. A 21-year-old soccer player with acute anterior hip pain. (a) Axial and (b) sagittal T2FS MR images show intact
psoas major tendon (arrow) and myotendinous iliacus injury (arrowhead)

Indeed, sonography and MRI have become frontline tools
in many practices owing to the low diagnostic yield of
radiography, as well as concerns related to radiation expo-
sure associated with radiography, CT, and scintigraphy in
young athletes.

Sonography has numerous strengths, including point-of-
care evaluation, dynamic assessment (e.g., for hernia [7],
tendon snapping), real-time sonopalpation at the exact site of
pain, and guiding percutaneous injections for diagnostic and
therapeutic purposes [8, 9].

* Sonography is best performed with a systematic protocol
[10, 11]. Using a high-frequency (e.g., > 14 MHz) linear

array transducer, the patient is positioned supine with the
hips abducted and externally rotated. First, imaging is
performed of the rectus abdominis/adductor aponeurosis
(in the transverse and longitudinal planes) and the adduc-
tor longus attachment (in an oblique sagittal plane longi-
tudinal to these fibers and in an orthogonal transverse
plane). Then, dynamic imaging during Valsalva can be
used assessing for an inguinal or femoral hernia [12], as
well as the controversial finding of inguinal wall bulging
believed by some to cause ilioinguinal nerve irritation. If
indicated, additional evaluation of the iliopsoas and hip
region also can be performed (e.g., for tendon snapping,
iliopsoas bursitis, hip effusion).
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MRI is better able to show soft tissue edema than sonog-
raphy, as well as a wide spectrum of abnormalities within
bones.

e MRI protocols commonly combine both a small and large
field of view (FOV). The high spatial resolution images
with a small FOV (e.g., 16-25 cm) have thin slices (e.g., 3
mm) and are generally performed in the sagittal plane and
an oblique-axial plane (paralleling the anterior tilt of the
pelvic brim). Additional images with a large FOV (e.g.,
38—40 cm) have thicker slices (e.g., 4-5 mm) covering the
pelvis, which allows screening of the hips, sacroiliac
joints, spine, and pelvic viscera. This is particularly help-
ful because symptoms may radiate from another site or
may not be localized [13]. No gadolinium is needed.

6.1.3 What Terminology Should Be Used?

Terminology has evolved over time. A multispecialty expert
group consensus statement suggests the use of an umbrella
term “groin pain in athletes” (a general description that cannot
be misunderstood as a diagnostic term), rather than previously
used terms with variable definitions (e.g., athletic pubalgia,
sports hernia, sportsman’s groin) [14]. Although this entity
may be caused by a wide variety of derangements at the hip or
elsewhere, groin pain in athletes is often classified into four
categories related to location: pubic, adductor, inguinal, and
iliopsoas [14]. Pubic- and adductor-related groin pain have
overlapping features and are discussed together here.

6.1.4 Pubic and Adductor Groin Pain

Anatomy. The pubic symphysis is a cartilaginous joint sup-
ported by four capsular ligaments (superior, inferior, anterior,
posterior) and numerous musculotendinous attachments. Of
all the abdominal and adductor muscles that converge in this
region, the most important stabilizers are the rectus abdomi-
nis and the adductor longus. The adductor longus can be
identified as the most anterior of the adductor muscle group.

Injury Patterns. Acutely, muscle tears (partial or com-
plete) or avulsion injuries can occur near the pubic symphy-
sis. Such injuries frequently target the adductor longus
(Fig. 6.8) [15-17].

In the non-acute setting, the most common areas of injury
are the rectus abdominis/adductor aponeurosis and pubic sym-
physis capsular attachment site. Athletes are predisposed to
injury when shear stresses are accentuated by muscle imbal-
ances (typically stronger adductor muscles with anteroinferior
tension versus weaker abdominal muscles with superior ten-
sion). This allows initial low-grade overuse injuries to propa-
gate into overt tears at the musculoaponeurotic attachments.

Imaging Findings. Although pubic bone marrow edema
(BME) may be seen in asymptomatic athletes owing to
chronic loading, more severe and extensive BME is posi-
tively associated with pain. Pubic BME may be an isolated
finding related to stress reaction, but it is crucial to look for
additional abnormalities (Fig. 6.9). Three abnormalities
associated with pubic BME are especially important to
report: (1) stress fractures (typically with intense BME adja-
cent to a fracture line of low signal intensity), (2) apophysitis

Fig.6.8 Acute groin injury. A 26-year-old soccer player with acute left
groin pain. (a) Oblique axial PDES and (b) coronal T2FS MR images
show left adductor longus and pectineus tendon avulsion (arrow) with

soft tissue hemorrhage extending into the left inguinal canal due to
acutely torn aponeurosis (arrowheads)
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Fig.6.9 Unilateral edema pubic capsule aponeurotic and bone marrow.
A 22-year-old professional soccer player with right-sided symptoms.
(a) and (b) Sequential axial oblique PDFS MR images show right-sided
high signal with no definite tear (large white arrow) between the pubis
and main aponeurotic tissue. There is also mild soft tissue edema adja-

(i.e., T2 hyperintensity at the pubic apophysis, anteromedi-
ally in young athletes) (Fig. 6.10), and (3) rectus abdominis/
adductor aponeurosis injury (Fig. 6.11).

Rectus abdominis/adductor aponeurosis injury is among
the most common imaging finding in athletes with chronic
groin pain. Key MRI findings include edema or disruption at
the aponeurosis or the capsular attachment. Such abnormali-
ties go by variable names in the medical literature (e.g., “sec-
ondary cleft sign,” “plate injury,” “pubic aponeurotic defect,”
“overuse enthesitis”), and therefore objective reporting of
anatomic location, signal intensity (e.g., mild to severe
edema), and size is often recommended.

The most widely known MRI finding is the “secondary
cleft sign” seen as fluid signal undermining the rectus
abdominis/adductor aponeurosis attachment to the pubis
(in communication with the pubic symphysis). Similar to
BME, these MRI findings tend to be mild or absent in
asymptomatic athletes, while more severe and extensive
findings are positively associated with active injury.
Tendinopathy in the adductors can also be sought, but
imaging diagnosis of adductor tendinopathy has not been
validated as highly reliable [18].

99 <

6.1.5 Inguinal Groin Pain

Anatomy. The inguinal canal is located superolateral to the
pubic symphysis (above the medial half of the inguinal liga-
ment) and is approximately 4 cm long. This tunnel transmits

cent to the pubic cortex (small arrows). The left side shows no tear
and minimal edema. There is diffuse moderate bilateral bone marrow
edema (*) more extensive on the right. (Reproduced with permission
from reference Madani H, Robinson P. Top-Ten Tips for Imaging Groin
Injury in Athletes. Semin Musculoskelet Radiol. 2019;23(4):361-75.)

Fig. 6.10 Apophyseal injury. A 16-year-old soccer player with severe
left-sided pain. Axial oblique T2FS MR image shows severe left pubic
body and ramus bone marrow edema with adjacent soft tissue edema
(arrowhead). The apophyseal junction is ill-defined, widened, and of
high signal (arrow). (Reproduced with permission from reference
Madani H, Robinson P. Top-Ten Tips for Imaging Groin Injury in
Athletes. Semin Musculoskelet Radiol. 2019;23(4):361-75.)

the spermatic cord in men or the round ligament in women,
as well as associated neurovascular structures.

The inguinal aponeurotic falx or “conjoint tendon” (the
aponeurosis of both the internal oblique and transverse
muscles of the abdomen) merges with the sheath of the rectus
abdominis muscle at a variable distance from the symphysis
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Fig. 6.11 Partial tear pubic capsule aponeurotic junction (“inferior
cleft”). A 23-year-old professional rugby player with right-sided symp-
toms. (a) Coronal T2FS and (b) axial oblique PDFS images show nor-
mal joint (black arrow) and left soft tissue junction (white arrowhead)
with right high signal tear (white arrow) between the pubis and main

tubercle. Recent research suggests that a high insertion of the
conjoint tendon seen on MRI is associated with inguinal-
related groin pain in athletes [19].

Injury Patterns. Pain with tenderness at the inguinal
canal region aggravated by a Valsalva-type maneuver is
widely reported in the medical literature. However, in the
young athletic population, no true hernia is typically palpa-
ble at clinical examination or visible at imaging. When a true
hernia is present in this region, it is classically described as
“indirect” (i.e., abdominal contents exit through the inguinal
canal) or “direct” (i.e., exists through the abdominal wall
deep layers, thereby bypassing the inguinal canal).

Imaging Findings. Imaging evaluation for true inguinal
and femoral hernias is best performed by sonography. For
patients with inguinal-related pain but not true hernia, the
posterior inguinal wall can be evaluated for laxity (incompe-
tence) that may possibly irritate the ilioinguinal nerve.
Unfortunately, these findings are regarded as subjective and
have disappointing diagnostic reliability. MRI evaluation in
these patients is generally normal.

6.1.6 lliopsoas Groin Pain

Anatomy. The iliopsoas is formed by the confluence of the
iliacus muscle (at the inner aspect of the iliac fossa) and the
psoas muscle. The tendon slips from the two muscle bellies
may or may not fuse together prior to insertion onto the
lesser trochanter; a normal longitudinal division between
these two components should not be misdiagnosed as a lon-
gitudinal tendon tear.

aponeurotic tissue. No bone marrow edema is evident though there is
chronic remodeling (*) present. (Reproduced with permission from ref-
erence Madani H, Robinson P. Top-Ten Tips for Imaging Groin Injury
in Athletes. Semin Musculoskelet Radiol. 2019;23(4):361-75.)

The iliopsoas bursa is located between the iliopsoas and
the hip joint. This is the largest bursa in the human body and
communicates with the hip joint normally in up to approxi-
mately 15% of adults.

Injury Patterns. The iliopsoas is considered the least
common source of athletic groin pain. Injuries are more
common with repetitive microtrauma than with a single trau-
matic event. Typical maneuvers causing pain include getting
up from sitting or squatting, as well as sometimes resisted
hip flexion.

Imaging Findings. Sonography can be useful in the eval-
uation of snapping (e.g., dynamic assessment as the iliopsoas
passing over the iliopectineal eminence), iliopsoas bursitis
(i.e., hypoechoic fluid along the iliopsoas tendon), and guid-
ing percutaneous injections.

MRI provides for simultaneous assessment of iliopsoas
edema, iliopsoas bursitis, and derangements in adjacent struc-
tures like the hip (Fig. 6.12). Peritendinous edema associated
with the iliopsoas bursa can be seen in the setting of overuse
or strain injuries, as well as in some cases of snapping hip
(“coxa saltans interna”).

Key Point

e The differential diagnosis of groin pain in athletes
is broad and includes pubic, adductor, inguinal, and
iliopsoas etiologies. Knowledge of the anatomy in
each region allows for optimized diagnosis with
sonography and MRI.
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Fig. 6.12 Iliopsoas bursitis. A 23-year-old soccer player with right-
sided pain. Axial T2FS MR image shows marked edema and bursitis
(arrowheads) surrounding both the psoas (large arrow) and iliacus
(small arrow) components of the iliopsoas tendon anterior to a normal
hip joint. Note the normal pubic apophyses (small white arrowheads).
(Reproduced with permission from reference Madani H, Robinson
P. Top-Ten Tips for Imaging Groin Injury in Athletes. Semin
Musculoskelet Radiol. 2019;23(4):361-75.)

6.2  Lateral Pelvis

Anatomy. The abductor tendons evaluated most commonly
are the gluteus minimus and gluteus medius. The gluteus
minimus inserts predominantly onto the anterior facet of the
greater trochanter, with some fibers also merging with the
hip joint capsule. The gluteus medius has two insertion sites
on the greater trochanter, with a thicker portion inserting at
the superoposterior facet and a thinner portion inserting dis-
tally at the lateral facet [20]. Together, these two gluteal ten-
dons are often referred to as “the abductor tendons” or
“rotator cuff of the hip.” Several bursae adjacent to the
greater trochanter have been described, with the largest
located superficial to the posterior facet (the trochanteric
bursa).

At the lateral aspect of the pelvis, the iliotibial band (ITB)
(anteriorly) and gluteal aponeurotic fascia (posteriorly) orig-
inate at the margin of the iliac crest, descending superficial to
the gluteus medius and greater trochanter [21].

Injury Patterns. Trochanteric pain syndrome is gener-
ally caused by abnormalities involving the abductor tendons.
Although peritrochanteric edema and bursal fluid are com-
monly present with trochanteric pain syndrome, they are
generally not reliably associated with symptoms [22].

The ITB and gluteal aponeurotic fascia can be injured
with trauma or repetitive microtrauma. In addition to apoph-
yseal derangements in skeletally immature patients and
enthesitis at the osseous attachment in adults, the proximal
ITB is a characteristic site of overuse injuries (e.g., in
runners).

Imaging Findings. Tendinopathy and tearing in the
abductor tendons become increasingly prevalent with advanc-

Fig. 6.13 Myotendinous injury. A 23-year-old soccer player with
acute buttock pain. Axial T2FS MR image shows left gluteus medius
myotendinous tear (arrow). The distal tendon was normal and intact

ing age. As with rotator cuff tears in the shoulder, these ten-
don tears typically are located near the osseous insertion site
and begin as partial-thickness tears (fiber discontinuity and
T2 hyperintensity). Incomplete abductor tendon tears are
most commonly reported at the distal-anterior fibers of the
gluteus medius tendon [20]. Some tears are discovered as
incidental, non-acute findings. Chronic tears associated with
muscle atrophy and fatty infiltration have suboptimal surgical
outcomes. Acute tears in the muscle belly of athletes are rela-
tively uncommon but can occur (Fig. 6.13).

“Proximal ITB syndrome” typically occurs superolateral
to the hip joint and may be overlooked at the margin of the
MRI FOV. Characteristic findings include edema along the
proximal ITB, often with subtle fiber thickening at the proxi-
mal attachment or a small area of ill-defined partial tearing.

Key Point

* At the lateral aspect of the pelvis, derangements
may occur in the abductor tendons, ITB, and gluteal
aponeurotic fascia. Partial abductor tears are most
commonly reported at the distal-anterior gluteus
medius tendon. Disorders at the ITB and gluteal
aponeurotic fascia regions include apophysitis,
enthesitis, and proximal iliotibial band syndrome.

6.3 Inferior Pelvis

Anatomy. The hamstring tendons originate at the ischial
tuberosity, with the semimembranosus tendon anteriorly and
the conjoined tendon of the biceps femoris (long head) and
semitendinosus posteriorly. (If you have difficulty remember-
ing that it’s the biceps femoris and semitendinosus that form
the conjoined tendon, just remember that “best friends stick
together”!)
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Ischiofemoral impingement is associated with a narrowed
space between the ischial tuberosity and the femur.
Predisposing factors may be developmental (e.g., pelvic
morphology resulting in increased ischial and femoral neck
angles [23], femoral morphology resulting in increased fem-
oral version or coxa valga [24]) or acquired (e.g., heterotopic
ossification, post-traumatic deformity).

Injury Patterns and Imaging Findings. In the acute set-
ting, hamstring muscle eccentric contraction can result in
strain-type injuries that usually involve the myotendinous
junction and are treated non-operatively in young adult ath-
letes (as shown in Fig. 6.5, above). Tendon ruptures at the
proximal attachment are much less common in young adults

but are important to recognize because they may be repaired
surgically (particularly if at least two-thirds of the tendon
fibers are ruptured and retracted) (Fig. 6.14).

In the chronic setting, hamstring tendon tears are associ-
ated with scarring that may tether the sciatic nerve and make
delayed repair more difficult. In older adults, hamstring tendi-
nopathy and attritional partial tears are extremely common
(e.g., interstitial tearing or stripping at the conjoined tendon
attachment). Hamstring tendinopathy with symptomatic peri-
tendinous edema in the adjacent bone and soft tissues also can
occur in young adult athletes owing to overuse (Fig. 6.15).

Ischiofemoral impingement on MRI is defined by nar-
rowing of the ischiofemoral space (< 15 mm) or quadratus

Fig. 6.14 Tendon injury. A 26-year-old soccer player with acute ham-
string pain. (a) Axial and (b) coronal T2FS MR images show right con-
joint tendon origin partial tear (arrow), edematous but grossly intact

Fig. 6.15 Tendinopathy. A 25-year-old soccer player with subacute
hamstring pain. (a) Axial and (b) coronal T2FS MR images show left
ischial subcortical bone marrow edema (small arrowhead), paratenon

proximal semimembranosus tendon (large arrowhead). Adjacent sciatic
nerve (small arrowhead) and extensive tracking fluid/hemorrhage

edema, intrinsic conjoint tendon oedema (arrow), and normal semi-
membranosus tendon (large arrowhead)
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femoris space (< 10 mm) with associated quadratus fem-
oris edema or fatty infiltration/atrophy (Fig. 6.16). The
ischiofemoral interval, however, varies with patient posi-
tioning. With active external rotation during kinematic
MRI, for example, dynamic narrowing of the space
occurs [25]. Interestingly, compared with matched con-
trols, patients with ischiofemoral impingement have a
higher prevalence of abductor tears and abductor muscle
atrophy, suggesting to some investigators that abductor
tears might be causally associated with ischiofemoral
impingement [26].

Fig. 6.16 Ischiofemoral impingement. A 22-year-old female recre-
ational athlete with chronic hip pain. Axial PDFS MR image shows
diffuse edema in the quadratus femoris muscle (arrows) bridging
between the ischium and lesser trochanter

Key Point

e Atthe inferior aspect of the pelvis, hamstring disor-
ders and ischiofemoral impingement are well char-
acterized by MRI.

6.4  Posterior Pelvis

Anatomy. The sacrum typically has five fused segments in
adults, with four pairs of anterior and posterior foramina, as
well as a normal opening (“sacral hiatus”) posteriorly at the
S4/S5 level [27].

The coccyx has four segments in ~75% of the population,
but the number of segments varies from three to five. The
intercoccygeal joints may or may not be fused and have
highly variable alignment [27].

Injury Patterns and Imaging Findings. Both traumatic
fractures and stress fractures occur in the sacrum (Fig. 6.17).
These fractures may be described as involving the ala (zone
I), the foraminal region (zone II), or the sacral spinal canal
(zone IIT) [28]. In trauma patients, isolated zone I fractures
are usually not associated with neurological deficits (< 10%)
and are treated conservatively, while zone III fractures are
more commonly associated with neurological deficits (>
50%) and surgical treatment (especially for displaced or
unstable fractures) [28].

With acute trauma to the sacrum or coccyx, it has been
recommended that radiography be eliminated. Radiography
misses most sacral fractures, with a sensitivity often cited at
30% [29]. Consequently, even in the setting of known or sus-

Fig. 6.17 Stress fracture. A 24-year-old male recreational athlete with subacute low back pain. Coronal (a) T1 and (b) T2FS MR images show
right-sided focal sacral bone marrow edema (arrows) and fracture line (arrowhead)
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pected trauma, radiography is not considered the initial diag-
nostic imaging test of choice in many settings. In the
emergency department setting, for example, it has been rec-
ommended that radiography of the sacrum and coccyx be
eliminated because it can actually result in increased wait
times, delayed follow-up imaging, and substantial radiation
exposure [29]. Rather, patients may benefit from being
treated conservatively or receiving advanced imaging based
on clinical parameters.

In geriatric patients with bilateral fragility fractures of the
sacrum [30], fractures start with unilateral sacral disruption,
followed by contralateral sacral alar fracture and then an
interconnecting transverse fracture in at least half of all cases
(more commonly at S1/S2 than S2/S3).

With chronic coccyx pain (coccydynia), radiography is
controversial. Advocates believe that lateral radiography in
the seated position can reveal excessive motion (compared to
the standing position) (defined as > 25% posterior sublux-
ation or > 25 degrees of flexion with sitting, compared to
standing) [27]. Detractors of coccygeal radiography note the
high pelvic radiation dose and the low diagnostic yield,
including unreliable assessment for important abnormalities
like fracture, neoplasm, and infection. On MRI, a small FOV
technique in patients with coccydynia can show edema that
is related to mechanical irritation and abnormal motion [27].
Depending on the etiology of coccydynia, the diverse menu
of treatment options includes percutaneous injection (e.g., of
the ganglion impar), cement augmentation (coccygeoplasty),
extracorporeal shock wave therapy, neuromodulation of dor-
sal root ganglia, and coccygectomy.

Key Point

e At the posterior aspect of the pelvis, pain in the
sacrum and coccyx is a common clinical complaint.
Rather than routine radiography, patients may ben-
efit from being treated conservatively or receiving
advanced imaging based on clinical evaluation. In
evaluation of small abnormalities, high spatial reso-
lution cross-sectional imaging may help direct
patient management.

6.5 Concluding Remarks

Pain in the groin and pelvis are common, but accurate clini-
cal diagnosis can be challenging. Patients commonly local-
ize orthopedic symptoms to the anterior, lateral, inferior, or
posterior aspect of the pelvis. Each of these four locations
has its own intricate anatomy, distinctive disorders, and treat-
ment pathways. By optimizing our knowledge and imaging

techniques in each location, we are able to add value by opti-
mally “ruling in” and “ruling out” key diagnoses, thus opti-
mizing patient management and outcomes.

Take Home Messages

e Although groin pain in athletes can originate at the
hip or elsewhere, groin pain is often classified into
four categories related to location: pubic, adductor,
inguinal, and iliopsoas.

e At the anterior aspect of the pelvis, the most impor-
tant areas of injury in athletes include the pubic
symphysis capsular ligaments and the rectus
abdominis/adductor aponeurosis attachment sites.

* At the lateral aspect of the pelvis, tendinopathy and
tearing of the abductor tendons are common pain
generators. Important injuries also may occur near
the margin of the iliac crest, including proximal
ITB syndrome.

e At the inferior aspect of the pelvis, hamstring disor-
ders and ischiofemoral impingement are frequently
evaluated by MRI.

e At the posterior aspect of the pelvis, derangements
in the sacrum and coccyx are often missed with
conventional radiography. Patients should be
advanced to cross-sectional imaging in the appro-
priate clinical context.
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Learning Objectives

» To recognize normal anatomy of the knee.

» To recognize abnormalities of main knee structures.
e To diagnose knee abnormalities on MRI.

7.1 Introduction

Imaging has a crucial role in detecting internal derangements
of the knee, and knowledge of pathologic conditions has
increased. Imaging aspects of meniscal, ligament, tendinous,
and chondral lesions will be discussed in this chapter.

7.2 Menisci

7.2.1 Anatomy and Function

Menisci are fibrocartilaginous structures that serve to
enlarge the articular surfaces of the femoral condyles and
tibia, as well as promote shock absorption and load distri-
bution across the joint [1, 2]. The menisci are composed of
an anterior horn, a body, and a posterior horn and do not
have identical morphologies. The lateral meniscus has a
circular shape and a looser capsular attachment. Posteriorly
the lateral meniscus is separated from the capsule by the
popliteus tendon and sheath (popliteus hiatus). The ante-
rior and posterior horns of the lateral meniscus have the
same size. The medial meniscus has a semicircular shape
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and is firmly attached to the capsule and less mobile than
the lateral meniscus. For that reason, it is more susceptible
to tears. Its anterior horn is smaller than the posterior horn.
Both menisci have anterior and posterior insertions at the
tibia (meniscal roots) [2].

The transverse meniscal ligament connects and stabilizes
the anterior horns of the menisci and can mimic a tear on
sagittal MR images [3] (Fig. 7.1).

Meniscofemoral ligaments connect the posterior horn of
the lateral meniscus to the inner aspect of the medial femoral
condyle, with the anterior meniscofemoral ligament of
Humphrey and posterior meniscofemoral ligament of
Wrisberg denoted based on their course, anterior and poste-
rior to the posterior cruciate ligament, respectively [4].

Popliteomeniscal fascicles are fibrous structures that con-
nect the posterior horn of the lateral meniscus to the joint
capsule around the popliteal tendon sheath and help form the
popliteal hiatus [1, 2]. They stabilize the posterior horn of the
lateral meniscus during knee motion. Lesions of these fasci-
cles are highly associated with tears of the posterior horn of
the lateral meniscus [5].

An oblique meniscomeniscal ligament is an uncommon
variant with a reported prevalence of 1-4% consisting of a
ligamentous connection between the anterior horn of one
meniscus and the posterior horn of the opposite meniscus
and can mimic a displaced meniscal fragment [6].

7.2.2 Anatomic Variants

Discoid meniscus is an enlarged meniscus with central
extension onto the tibial articular surface. It is 10-20 times
more common in the lateral meniscus [7]. There are four dis-
tinct variants of discoid meniscus, according to the percent-
age of tibial plateau coverage: (1) complete (covers entire
tibial plateau), (2) partial (covers 80% or less of the tibial
plateau), (3) Wrisberg (thickened posterior horn, lacking
posterior meniscal attachments), and (4) ring-shaped variant
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Fig. 7.1 Transverse meniscal ligament. Consecutive sagittal proton density (PD)-weighted images of the knee. The transverse meniscal ligament
(arrows) inserting on the anterior horn of the medial meniscus (arrowheads), mimicking a tear

with connection between the anterior and posterior horns
(can mimic a bucket-handle tear) [8, 9] (Fig. 7.2).

Meniscal flounce is a single symmetric fold along the
free edge of the medial meniscus, secondary to flexion of the
knee and physiologic redundancy of the free edge of the
meniscus. It is not a tear; however, it may mimic a radial tear
on coronal images [10, 11].

Meniscal ossicle is a rare developmental, degenerative, or
post-traumatic variant, more common on the posterior horn
of the medial meniscus. It may mimic an ossified loose body
on radiographs and a tear on MRI.

7.2.3 Meniscal Tears

Meniscal tears are most common at the posterior horn of the
medial meniscus; however, in young patients with acute inju-
ries, lateral meniscal tears are common. There is an increased
incidence of peripheral meniscal tears in cases of anterior
cruciate ligament tears [12].

Normal menisci should have low signal on MR imaging.
Linear or globular intrameniscal high signal is normally
observed in children and at peripheral portions of the menis-
cus (red zone), due to high vascularization. MR accuracy for
diagnosis of a meniscal tear is 90-95%, using arthroscopy as
gold standard [12, 13]. MR imaging criteria for a meniscal
tear are meniscal morphologic distortion (in absence of prior

surgery) or intrameniscal high signal intensity extending to
an articular surface, seen on two or more consecutive slices
[13, 14]. If these criteria are seen in only one slice, the find-
ing should be reported as a “possible tear” [15]. Increased
intrameniscal high signal without articular surface extension
should not be reported as tear and usually represents muci-
nous degeneration are acute intrasubstance contusion due to
trauma [7].

Tears should be described accurately by radiologists in
order to guide appropriate treatment. Most meniscal tear
classification systems are based on the direction and location
of the tear. Longitudinal tears run parallel to the long (cir-
cumferential) axis of the meniscus and perpendicular to tib-
ial plateau. Vertical longitudinal tears are oriented in a
superior-inferior direction and extend to one or both articular
surfaces (Fig. 7.3). Horizontal tears also run parallel to the
long axis of the meniscus but, however, are oriented parallel
to the tibial plateau (Fig. 7.4). Typically, horizontal meniscal
tears communicate with the free edge or articular surface of
the meniscus. Radial tears are vertical meniscal tears which
run perpendicular to the long axis of the meniscus and the
tibial plateau. Typically, radial tears appear as linear signal
changes perpendicular to the free/inner edge of the menis-
cus. Depending on the tear location and extent, unique MR
signs may be present in the setting of a radial tear, including
the “ghost meniscus” and the “truncated triangle” signs
(Fig. 7.5). A root tear is typically a radial tear involving one
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Fig. 7.2 Discoid meniscus variants. Schematic drawing demonstrates (a) complete discoid meniscus; (b) partial discoid meniscus; (¢) Wrisberg
variant (note absence of posterior meniscal attachments); and (d) ring-shaped discoid meniscus. (Reproduced with Permission by Rodrigo Tonan)

of the meniscal roots, most commonly the posterior root of
the medial meniscus. Complete root tears are associated with
meniscal extrusion and progressive femorotibial degenera-
tive changes (Fig. 7.6). Complex tears are a combination of

longitudinal, horizontal, and radial tear components (at least
two) [7]. Meniscal tears which communicate with the periph-
ery of the meniscus may be associated with the formation of
a parameniscal cyst.
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A meniscal “ramp lesion” is a longitudinal vertical
meniscal tear at the peripheral attachment of the posterior
horn of the medial meniscus [16]. It is strongly associated
with ACL tears and reflective of traumatic injury of the
meniscocapsular junction [17, 18]. MR findings of a ramp
lesion are meniscocapsular separation (with or without

Fig. 7.3 Horizontal tear. Sagittal T2-weighted image of the knee with
fat suppression. There is a horizontal tear of the mesial meniscus,
extending to the free edge (arrow) and posterior capsular surface
(arrowhead)

intervening fluid-like signal), peripheral meniscal irregu-
larities, and far peripheral longitudinal tearing of the
medial meniscus [19] (Fig. 7.7).

A zip lesion or Wrisberg rip is a longitudinal vertical
meniscal tear progressing from the distal insertion of the
posterior meniscofemoral ligament (Wrisberg) through the
posterior horn of the lateral meniscus, which may be seen in
association with ACL tears [20-22] (Fig. 7.8).

Displaced meniscal tears include free fragments or flap
lesions associated with a meniscal tear. Small meniscal dis-
placed fragments may not be seen at arthroscopy; thus,
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Fig. 7.4 Vertical tear. Sagittal PD-weighted image of the knee. A
peripheral vertical tear extending to superior and inferior articular sur-
faces (arrow)

Fig. 7.5 Radial tear. (a) Coronal and (b) sagittal T2-weighted images
of the knee with fat suppression. Linear tear of the posterior horn of the
medial meniscus, perpendicular to free edge (white arrow). On the sag-

ittal plane, the radial tear has a “truncated triangle” aspect (black
arrow). There is also a subchondral fracture of the medial femoral con-
dyle (arrowhead)



Fig. 7.6 Root tear. (a) Coronal; (b) sagittal; (c) axial; and (d) coronal ~ with a “ghost meniscus” sign on the sagittal image (arrow in b). There
T2-weighted images of the knee with fat suppression. There is a com- is an associated extrusion of the body (arrowhead)
plete radial tear in the posterior root of the medial meniscus (arrows),
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identification on MR images can be of critical importance in
patient management and preoperative planning. Fragments
are more common arising from the medial meniscus and
may be displaced around the PCL, in the intercondylar
notch, or peripherally along the superior/inferior recesses
of the joint. In absence of prior surgery, a diminutive mor-
phology of the meniscus should alert the radiologist to
search for a displaced meniscal flap (Fig. 7.9). A bucket
handle tear is a displaced vertical longitudinal tear associ-
ated with central displacement of the inner part of the
meniscus. Bucket handle tears are more common in the
medial meniscus, and several imaging signs have been
described associated with bucket handle meniscal tears at
MR imaging including a double PCL sign, absent bow tie,
double anterior horn, fragment in the notch, and small pos-
terior horn [23, 24] (Fig. 7.10).

Key Point
e Signal abnormalities that extend to meniscal sur-

Fig.7.7 Ramp lesion. Sagittal T2-weighted image of the knee with fat face and displaced meniscal fragments are impor-

suppression. Vertical tear of the posterior meniscocapsular junction tant features to be identified on MRL
extending to the peripheral aspect of the medial meniscus (arrow)

Fig. 7.8 Zip lesion. (a) Consecutive sagittal PD-weighted images and (b) axial T2-weighted image show the Wrisberg ligament inserting in the
posterior horn of the lateral meniscus (arrows) and a peripheral vertical longitudinal tear of this meniscus (arrowheads)
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Fig. 7.9 Displaced meniscal tear. (a) Coronal; (b) sagittal; and (c) axial T2-weighted images of the knee with fat suppression. There is a complex
tear at the body of medial meniscus with increase in size (arrow). A displaced inferior meniscal flap is associated with this tear (arrowheads)

7.3 Ligaments

7.3.1 Cruciate Ligaments

7.3.1.1 Anterior Cruciate Ligament

Anatomy and Function

The anterior cruciate ligament (ACL) is an intracapsular and
extrasynovial structure that is proximally attached to the
medial surface of the lateral femoral condyle and a distal
attachment on the tibia, anterolateral to the tibial spines. The
distal insertion of the ACL is stronger and broader than its

proximal femoral attachment. The fascicles are anatomically
divided into two bundles, the posterolateral and anteromedial
bands. The anteromedial bundle is the main restraint to ante-
rior translation of the tibia during knee flexion, and the pos-
terolateral bundle is the predominant restraint to anterior
tibial translation during knee extension and also serves as a
restraint against internal rotation of the tibia. The bundles
can be visualized as distinct bands along the middle to distal
thirds of the ligament, especially on axial and coronal MR
images. Increased intrasubstance linear signal intensity par-
allel to the long axis of the ligament may be seen within the
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Fig. 7.10 Bucket handle tear. (a) Sagittal; (b) coronal; and (c¢) axial
T2-weighted images of the knee with fat suppression. A complete lon-
gitudinal tear of the medial meniscus (arrow) with a displaced meniscal

distal ACL, presumably related to areas of fat and synovium
between ligament fibers [2, 25]. Normal orientation of the
ACL in the sagittal plane is parallel or within 9° to the roof
of the intercondylar notch.

fragment to the intercondylar notch (arrowheads), with a double PCL
sign (arrowhead in b)

ACL Tears

Anterior cruciate ligament tears are the most common liga-
mentous injuries in the knee, alone or in combination with
other injuries. The classic mechanism of injury involved in
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Fig. 7.11 ACL tear — direct sign. Sagittal T2-weighted image of the
knee with fat suppression. Complete acute tear of the ACL with
increased signal at the expected location of the ligament

ACL injury is indirect trauma with pivoting stress. MR imag-
ing examination includes evaluation of axial, coronal, and
sagittal images and is highly sensitive and specific in the diag-
nosis of ACL tears, with an accuracy of 90-95% [26, 27].

Direct MR signs of an ACL tear are focal ligamentous
discontinuity, diffuse or focal signal intensity abnormality,
and mass-like appearance in the expected location of the
ACL [28] (Fig. 7.11). Increased signal within the ligament
may be also seen in the setting of mucoid degeneration of the
ACL, with characteristic features of an intact continuous
ligament fibers with internal striated intervening T2 fluid-
like signal (Fig. 7.12). Abnormal orientation of the ACL
including a horizontally oriented distal ACL (angle of less
than 45° between the distal ACL and the tibia) or a vertically
oriented proximal ACL (angle greater than 15° between the
proximal ligament and the roof of the intercondylar notch) is
an additional finding which may be seen following ACL
injury [29]. Distal fibers of the ACL may flip anteriorly fol-
lowing ACL disruption [30].

Indirect MR findings of an ACL tear have additionally
been described. Such indirect findings of ACL injury include

subchondral bone marrow edema at the central aspect of the
lateral femoral condyle (sulcus terminalis) and posterior
aspect of the lateral tibial plateau, secondary to pivot shift
translational osseous impaction injuries (Fig. 7.13). Osseous
injury is commonly associated with meniscal injury in the
same compartment [31]. Anterior translation of 5 mm or
more of the posterior aspect of the lateral tibial plateau in
relation to the posterior aspect of the lateral femoral condyle
is another indirect finding seen in the setting of ACL disrup-
tion [32]. Other signs described in the setting of an ACL tear
include uncovering of the posterior horn of the lateral menis-
cus and “buckling” of the PCL [28]. In chronic ACL tears,
the ligament may scar, and MR may not depict true severity/
extent of the prior ACL injury. Scarring of the ACL can occur
to the PCL, to the roof of the intercondylar notch, to its ana-
tomical femoral origin, or as end-to-end scarring across torn
tendon margins [33].

Partial tears account for 30% of all ACL injuries [30].
Such partial ACL injuries include isolated complete tearing
of either the anteromedial (more common) or posterolateral
bundles of the ligament or most commonly partial injuries of
both bundles [34, 35]. MRI illustrates lower accuracy rates in
the detection of partial ACL tears, ranging from 25 to 53%
[35]. MR signs of partial ACL tearing include attenuation of
the ACL, increased intraligamentous T2 signal with partial
disruption of ligamentous fibers, and posterior ACL bowing
on sagittal acquisitions [34-36] (Fig. 7.14).

7.3.1.2 Posterior Cruciate Ligament

Anatomy and Function

The posterior cruciate ligament (PCL), similar to the ACL, is
also an intracapsular and extrasynovial ligament. The proxi-
mal origin of the PCL is along the lateral surface of the
medial femoral condyle and its distal insertion in the midline
of the proximal tibia, posteroinferior to tibial articular sur-
face. The PCL is the major restraint to tibial posterior trans-
lation and anatomically consists of anterolateral and
posteromedial fiber bundles. On MR imaging, the PCL has a
homogeneous low signal intensity on all pulse sequences,
with a curved “comma-shaped” morphologic appearance
well depicted on sagittal imaging.

PCL Tears

Posterior cruciate ligament tears are less frequent than ACL
tears due to its strong fibrous structure. The most common
mechanism of PCL injury is a force applied to the anterior
aspect of the proximal tibia with the knee flexed, driving the
tibia posteriorly. Motor vehicle accidents in which the flexed
knee hits the dashboard or in a fall upon the knee with knee
flexion and posterior tibial translation are typical injuries
leading to PCL disruption. Multiligamentous injuries are
more common than isolated PCL tears. MR signs of PCL
tears include complete focal ligamentous discontinuity and
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Fig.7.12 ACL mucoid degeneration. (a) Sagittal and (b) axial T2-weighted images of the knee with fat suppression. There is increased signal
within the ACL, with internal ligament striation preserved (arrows)

Fig. 7.13 ACL tear — indirect sign. (a) Sagittal T2-weighted image lateral tibial plateau (arrowheads). (b) Sagittal T2-weighted image with
with fat suppression shows bone edema and impaction fractures at the  fat suppression demonstrates the ACL tear (arrow)
central aspect of the lateral femoral condyle and posterior aspect of the
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Fig. 7.14 Partial ACL tear. Sagittal T2-weighted image of the knee
with fat suppression shows increased thickening within the ACL with
attenuation of ligamentous fibers (arrow)

increased T2 signal intensity of the PCL [37] (Fig. 7.15).
Differentiation between complete and partial PCL tears is
more difficult on MRI [38]. Mucoid degeneration of PCL
can be suggested with a “tram-track™ appearance, in which
there is a peripheral rim of normal low signal intensity fibers
[39] (Fig. 7.16). The PCL has a greater propensity to heal,
when compared to ACL [40, 41]. Up to 28% of PCL tears
can have a near normal MR appearance 6 months post injury
[42]. Patients with combined PCL and posterolateral corner
injuries and those with greater than 12 mm of posterior sub-
luxation of the tibia on stress radiographs are less likely to
demonstrate healing of PCL on follow-up MRI [40].

7.3.2 Medial Collateral Ligament

Anatomy and Function

The medial collateral ligament (MCL) serves as a primary
stabilizer against valgus stress of the knee. It is composed of
a superficial and a deep layer. The superficial layer or tibial

Fig. 7.15 PCL tear. Sagittal PD-weighted image demonstrates PCL
discontinuity with increased signal intensity (arrow)

collateral ligament is the strongest portion of MCL and most
easily seen on MRI [43-45]. The deep layer is part of the
joint capsule and composed of meniscofemoral and menis-
cotibial ligament extensions. An MCL bursa is situated
between the superficial and deep portions of the MCL [46].
The superficial and deep components of the MCL are fused
posteriorly by the posterior oblique ligament [44]. The
superficial MCL has a femoral origin located posterior to the
medial epicondyle and anterior to the adductor tubercle and
a tibial attachment located approximately 5 cm distal to the
joint line and deep to the pes anserinus tendons [43, 47, 48].
Some authors describe a second tibial attachment of the
superficial MCL along the anterior arm of the semimembra-
nosus [49].

MCL Tears

Medial collateral ligament tears are most commonly
located along the proximal MCL and can be classified in
three types [50]:

— Grade I: microscopic injury; MR demonstrates periliga-
mentous edema, with normal hypointense signal of the
MCL (Fig. 7.17).
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Fig.7.16 PCL mucoid degeneration. (a) Sagittal and (b) axial T2-weighted images. There is increased signal within the PCL and a peripheral rim
of intact fibers — “tram-trak” appearance (arrows)

Fig. 7.18 Grade Il MCL tear. Coronal T2-weighted image with fat
suppression. Increased signal and thickening of the MCL (arrow)

— Grade II: partial tear; MR shows a thickened and edema-
tous MCL with areas of increased intrasubstance signal,
incomplete ligamentous disruption (Fig. 7.18).

— Grade III: complete tear; MR demonstrates complete dis-

pression. Edema surrounding the MCL (arrow) continuity of superficial MCL.

Fig.7.17 Grade I MCL tear. Coronal T2-weighted image with fat sup-
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Fig. 7.19 Grade III MCL tear. Coronal T2-weighted image with fat
suppression. Complete distal MCL tear with proximal retraction and a
“wavy” appearance (arrow)

1

Fig.7.20 Posterolateral corner anatomy. (a) Schematic drawing illustrating
the posterolateral corner anatomy. BFT biceps femoris tendon, LCL lateral
collateral ligament; (/), fabella; (2), fabellofibular ligament; (3), arcuate
ligament; (4), popliteofibular ligament; and (5), popliteus muscle. Structures
from the posteromedial corner are also demonstrated OPL, oblique popli-
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Distal insertional tears of the superficial MCL are less com-
mon; however normal healing of far distal tears of the superfi-
cial MCL can be impaired due to poor blood supply and possible
displacement of torn distal MCL ligament fibers. A “Stener-
like” lesion of the distal superficial MCL occurs when there is
ligament displacement superficial to the pes anserinus tendons
[51]. A wavy morphologic appearance of the MCL without
MCL disruption proximally is an imaging feature suggestive of
a high-grade distal tear of the superficial MCL [52] (Fig. 7.19).

7.3.3 Posterolateral Corner

Anatomy and Function

The posterolateral corner structures are primary restraints of
varus rotation and external tibial rotation and secondary
restraints of anterior and posterior tibial translation.

The main stabilizers of the posterolateral corner complex
are, from superficial to deep, include the lateral collateral
ligament (or fibular collateral ligament), biceps femoris ten-
don, fabellofibular ligament, arcuate ligament, popliteofibu-
lar ligament, and popliteus tendon [53] (Fig. 7.20).

Lateral Collateral Ligament (Fibular Collateral Ligament)
The LCL is injured in about 23% of cases of posterolateral
corner injury [54]. The lateral collateral ligament (LCL) or
fibular collateral ligament is the primary stabilizer against

.

—
L

L

teal ligament, and SM, semimembranosus tendon. (b) CT 3D reconstruc-
tion with posterolateral corner attachments. aBFT anterior arm of the biceps
femoris tendon, dBFT direct arm of the biceps femoris tendon, LCL lateral
collateral ligament, FFL fabellofibular ligament, AL arcuate ligament, PFL
popliteofibular ligament. (Reproduced with Permission by Rodrigo Tonan)
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Fig.7.21 Lateral collateral ligament tear. Coronal T2-weighted image
with fat suppression. Complete LCL tear (arrow)

varus stress of the knee and has a secondary role as a
restraint to external rotation. It arises from the lateral fem-
oral condyle and extends distally attaching to the lateral
aspect of the fibular head, sometimes merging with the dis-
tal biceps femoris tendon to form a conjoined insertional
tendon structure [55]. The lateral collateral ligament-
biceps femoris bursa can be seen between these two struc-
tures [56].

Lateral collateral ligament tears can be classified as
grades I (periligamentous edema), II (thickened and edema-
tous LCL), and III (complete LCL disruption) (Fig. 7.21).
Avulsion fracture of the fibular head by the LCL can be seen
in the setting of an arcuate fracture [56, 57].

Biceps Femoris Tendon

The biceps femoris tendon descends posterior to the iliotibial
tract and has two distal attachments identified on MRI: a
direct arm (inserting on the posterolateral aspect of the fibu-
lar head) and an anterior arm (inserting to the anterior aspect
of the fibular head and to the lateral tibial metaphysis) [55,
58, 59]. The biceps femoris tendon merges with the distal
LCL and forms a conjoined insertional tendon. Injuries to
the biceps femoris tendon include partial tears and tendinous
and osseous avulsions from the fibular head.

Fabellofibular Ligament

The fabellofibular ligament is variably present but com-
monly seen when there is a bony fabella. The ligament runs
from the fabella to the styloid process of the fibular head.
When the fabella is absent, the ligament originates proxi-
mally to the posterior aspect of the supracondylar process of
the femur [60]. The fabellofibular ligament may not be iden-
tified on MRI but when present is seen on coronal and sagit-
tal planes posterior to genicular vessels and on axial plane
anterior to the lateral head of the gastrocnemius tendon.
Injuries include avulsions from the fibular head and partial—/
complete-thickness tears.

Arcuate Ligament

The arcuate ligament is a thickening of the posterior joint
capsule and has a Y shape. The medial limb attaches proxi-
mally to the oblique popliteal ligament, and the lateral limb
attaches to the lateral femoral condyle. Distally, the medial
and lateral limbs merge, attaching to the fibular styloid pro-
cess, posterior to the insertion of the popliteofibular liga-
ment. Identification of the arcuate ligament is variable on
MRI, and when visualized the ligament is best depicted on
axial and sagittal MR imaging acquisitions. Injury of the
arcuate ligament is often implicated based on secondary
MR imaging signs, especially edema and fluid/hemorrhage
indicative of soft tissue injury immediately posterior to the
popliteus tendon/hiatus [61] (Fig. 7.22). The presence of
the arcuate sign (edema or avulsion fracture of the fibular
head with intact LCL and biceps femoris tendon) is indica-
tive of concurrent arcuate and popliteofibular ligament
injuries [62].

Popliteofibular Ligament

The popliteofibular ligament is a major stabilizer of the pos-
terolateral complex, originating at the popliteus tendon close
to its myotendinous junction and inserting at the posterior
aspect of the fibular styloid process [63]. MR visualization of
this ligament is difficult, with improved visualization
described with dedicated oblique coronal or isotropic volu-
metric sequences [64]. Injuries are common in a setting of
posterolateral instability [65], although direct identification
of popliteofibular ligament disruption can be challenging at
MRI (Fig. 7.23).

Popliteus Tendon

The popliteus tendon and muscle provide primary resistance
to external rotation and secondary resistance to posterior
tibial translation at the knee. The popliteus tendon is located
deep to arcuate and fabellofibular ligaments, enters the joint,
and attaches to the popliteus sulcus of the lateral femoral
condyle, deep and anterior to the femoral origin of the
LCL. Popliteomeniscal fascicles connect the popliteus
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Fig. 7.22 Arcuate ligament strain. Coronal T2-weighted image with
fat suppression. Increased signal and thickening of the arcuate ligament
at its fibular attachment (arrow)

tendon to the lateral meniscus, forming the popliteus hiatus.
Popliteus injuries are more common at its myotendinous
junction, although avulsions of the popliteus tendon at its
femoral origin can occur (Fig. 7.24).

7.3.4 Posteromedial Corner

Anatomy and Function

The posteromedial corner structures are primary restraints to
anteromedial rotatory instability and are composed of the
posterior oblique ligament (POL), the oblique popliteal liga-
ment (OPL), the semimembranosus tendon, and the menis-
cotibial ligament.

Posterior Oblique Ligament (POL)

The POL originates at the adductor tubercle, just posterior to
the origin of the MCL, and extends distally composed of
three arms: (1) central (or tibial) arm, attaching to the pos-
teromedial aspect of the medial meniscus; (2) superior (or
capsular) arm, attaching to the oblique popliteal ligament
and capsule; and (3) distal arm, attaching to the semimem-
branosus tendon and tibia.

Fig. 7.23 Popliteofibular ligament strain. Sagittal T2-weighted image
with fat suppression. Increased signal and thickening of the arcuate
ligament at its fibular attachment (arrow)

Fig. 7.24 Popliteus myotendinous strain. Axial T2-weighted image
with fat suppression. Increased signal involving the popliteus myoten-
dinous junction and muscle (arrow)

Oblique Popliteal Ligament (OPL)

The OPL is a broad ligamentous band that originates from
the lateral aspect of the semimembranosus tendon and
courses in a superolateral oblique direction across the
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Fig.7.25 Posterior oblique ligament tear. Coronal T2-weighted image
with fat suppression. Complete tear of the POL (arrow) with exuberant
surrounding edema

posterior aspect of the joint, forming part of the popliteal
fossa and inserts at the fabella and posterolateral joint cap-
sule (Fig. 7.20).

Semimembranosus Tendon

The distal semimembranosus tendon has five insertional
arms: (1) direct arm (inserts at the posterior aspect of the
medial tibial condyle), (2) capsular arm (merges with the
capsular portion of the OPL), (3) anterior arm (courses ante-
riorly, deep to the POL, and inserts at the medial aspect of
the tibia, deep to the MCL, (4) inferior arm (courses deep to
MCL and POL and inserts proximal to tibial attachment of
MCL, and (5) OPL extension. The semimembranosus is the
main stabilizer of the posteromedial corner.

Injuries

Patients with anteromedial rotatory instability show injury of
the POL in 99%, semimembranosus in 70%, and medial
meniscus detachment in 30% of cases [66] (Figs. 7.25 and
7.26). There is an association between posteromedial corner
injuries and ACL tears, although association between pos-
teromedial and posterolateral corner injuries iS uncommon.
Adequate interpretation of these injuries is important,
because posteromedial corner injury with anteromedial rota-
tory instability often requires surgical intervention.

Fig. 7.26 Oblique popliteal ligament tear. Axial T2-weighted image
with fat suppression. Increased signal and thickening of the OPL (arrow
heads)

7.3.5 Anterolateral Ligament

Anatomy and Function

The anterolateral ligament (ALL) originates posterior and
proximal to the lateral femoral epicondyle and courses
anteroinferiorly overlapping the LCL toward the antero-
lateral tibia. As it approaches the joint line, some fibers
attach to the lateral meniscus and anterolateral capsule
[67, 68]. The tibial insertion is just behind Gerdy’s tuber-
cle (Fig. 7.27). ALL is an important stabilizer of internal
rotation of the tibia. The ALL is identified in 90-100% of
MR examinations [69, 70].

Injuries

A Segond fracture represents a bony injury of the tibial ALL
insertion [71, 72]. ALL injuries are generally associated with
ACL lesions (Fig. 7.28). Identification of ALL injuries is dif-
ficult, and secondary signs such as bony avulsion and edema
at the anterolateral tibia may be useful findings in support of
possible ALL injury.

7.3.6 lliotibial Tract

Anatomy and Function

The iliotibial tract is composed of contributions from the
tensor fascia lata and gluteus maximus muscles and from
fibers of the fascia lata [73]. The superficial layer of the
iliotibial tract inserts onto the Gerdy tubercle at the
anterolateral tibia. The deep layer attaches the superficial
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layer to the supracondylar tubercle of the lateral femur
with additional fibers inserting on lateral patellar retinac-
ulum. The iliotibial tract provides anterolateral stability to
the knee.

Iliotibial Band Syndrome

In general, iliotibial band syndrome or ilitotibial band
friction syndrome is due to chronic overuse in activities
such as cycling and running, with patients presenting with
pain around the anterolateral femur due to repetitive fric-
tion between the iliotibial band and the underlying lateral
femoral epicondyle. On MR, increased T2 soft tissue sig-
nal or a bursal fluid collection can be identified between
the iliotibial tract and the lateral femoral condyle [73]
(Fig. 7.29).

Injuries

In general, iliotibial tract tears occur in the setting of an acute
knee trauma with other knee injuries, especially ACL tears
and patellar dislocation. MRI demonstrates strains (edema
superficial and deep to iliotibial tract) and partial (thickening
and increased signal) and complete tears [74].

Key Point
Fig. 7.27 Anterolateral ligament anatomy. Schematic drawing illus- : : :
trating the anterolateral ligament anatomy and related structures. ALL, ® Adequate comprehension of defailed ligament anat-

anterolateral ligament; LCL, lateral collateral ligament; Popl T, poplit- omy is crucial to identify injuries on MRI.
eus tendon; BFT, biceps femoris tendon. (Reproduced with Permission
by Rodrigo Tonan)

Fig.7.28 Associated anterolateral and ACL tears. (a) Sagittal T2-weighted image with fat suppression showing an ACL tear (arrow). (b) Coronal
T2-weighted image with fat suppression demonstrates a complete tear of the ALL (arrowhead)
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Fig.7.29 Iliotibial band friction syndrome. (a) Coronal and (b) axial T2-weighted images with fat suppression demonstrate edema in the fat pad
(arrowheads) between the lateral femoral condyle and the iliotibial band (arrows)

7.4 Tendons

7.4.1 Extensor Mechanism

Anatomy and Function

The extensor mechanism of the knee is composed of the
quadriceps muscle group and tendon, the patella, the patellar
retinaculum, and the patellar tendon. The tendons of the rec-
tus femoris and vastus muscles converge distally to form the
quadriceps tendon, inserting onto the superior pole of the
patella. The quadriceps tendon has a tri-laminar appearance
on MR imaging, with the rectus tendon forming the most
superficial layer, the vastus medialis and lateralis forming
the middle layer, and the vastus intermedius forming the
deepest layer. Fat tissue interposes between the three tendon
layers. The distal vastus medialis muscle has a longitudinal
and an oblique portion, called the vastus medialis obliquus.
Fascial extensions of the vastus medialis and lateralis form
the patellar retinacula. Patellofemoral ligaments are focal
thickening of the retinacula, similar to glenohumeral liga-
ments in the shoulder. The patellar tendon is composed by
fibers of the rectus femoris and extends from the inferior pole
of the patella to anterior tibial tuberosity.

Lateral Patellar Dislocation

Dynamic and anatomical conditions, including trochlear
dysplasia and patella alta, can predispose to lateral patellar
dislocation. In general, patellar dislocation is diagnosed on

imaging retrospectively due to indirect findings on MRI: dis-
ruption of the medial retinaculum and medial patellofemoral
ligament, typical bone marrow edema on the medial aspect
of the patella and the anterolateral aspect of the lateral femo-
ral condyle, osteochondral injuries (especially at the medial
facet of the patella), and joint effusion/hemarthrosis [75]
(Fig. 7.30).

Key Point

» Typical imaging features of lateral patellar disloca-
tion are bone marrow edema at the medial aspect of
the patella and anterolateral aspect of lateral femo-
ral condyle, injury at the medial patellofemoral lig-
ament, and joint effusion/hemarthrosis.

7.5 Cartilage
Hyaline cartilage is a fine connective tissue composed of a
complex mesh of collagenous fibers, water, and proteogly-
cans. Chondral lesions include acute traumatic chondral or
osteochondral injuries or chronic degenerative lesions which
generally progress slowly with late clinical manifestations of
disease.

MR imaging can provide information on chondral thick-
ness, surface abnormalities, intrasubstance changes, and
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Fig. 7.30 Lateral patellar dislocation. Axial T2-weighted images of
the knee with fat suppression. (a) Bone impaction with marrow edema
at the medial facet of the patella (white arrow) and strain of the proxi-

Fig. 7.31 Three-layer pattern of normal cartilage. Axial PD-weighted
image with fat suppression. The deep layer shows low signal intensity
(white arrow); the intermediate layer has high signal (black arrow), and
the superficial layer has low signal (arrowhead)

subchondral bone abnormalities. Through more recent
techniques, MRI can provide information on the biochemical
and physiological characteristics of hyaline cartilage.

By using MRI with high spatial resolution and good soft
tissue contrast, a three-layer pattern can be observed in the
hyaline cartilage: 1) surface layer with low-intensity signal;
2) intermediate layer with high-intensity signal; and 3) deep
layer with low-intensity signal and a “palisade” transition
into the intermediate zone (Fig. 7.31). This three-layer
appearance is more evident in thicker chondral surfaces,
such as the patellar and femoral trochlear cartilage.

mal aspect of the medial patellofemoral ligament (black arrow). * joint
effusion. (b) Bone impaction with marrow edema at the anterolateral
aspect of the lateral femoral condyle (arrowhead)

7.5.1 Chondral Lesions

The accuracy of MRI for detecting chondral lesions can be
variable depending on MRI hardware and technique used,
patient factors, as well as the etiology, extent/depth, and
location of the lesion itself. The accuracy of MRI in diagno-
sis of degenerative chondral lesions is greater in deeper
lesions, particularly in those that present more than 50% loss
of chondral substance, with accuracy results in the literature
ranging from 73 to 96% [76].

Chondral lesions are characterized on MRI by thickness
and morphological abnormalities of hyaline cartilage as well
as intrasubstance increased signal on proton density,
T2-weighted and gradient echo sequences. One prior study
demonstrated that 70% of chondral lesions presented as
areas of high signal in relation to normal cartilage on proton
density acquisitions, while 20% of lesions illustrated signal
similar to that of normal cartilage (lesions not identified on
MRI) and 10% illustrating low signal [77].

Chondral tapering, loss of definition, and chondral sur-
face irregularities are additional features of chondral lesions
that can be characterized on MR imaging. It has been dem-
onstrated that the most frequent locations for chondral
lesions are the medial femoral condyle (on its most internal
aspect) and the lateral tibial plateau (on its most posterior
portion) [78].

To classify chondral lesions using MRI, a system based
on arthroscopic classifications is used [79]. Grade I
lesions are shown as abnormalities of intrasubstance car-
tilage signal, corresponding to softening of the cartilage
seen on arthroscopy. Grade II lesions are shown as mor-
phologic irregularities and abnormalities of the surface
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Fig. 7.32 Chondral injury classification. (A, B, and C) Axial and (D)
sagittal PD-weighted images with fat suppression. (a) Increased signal
of the superficial layer of the hyaline cartilage of the lateral facet of the
patella with irregularities (arrow), indicating grade I lesion. There is
also a deep chondral erosion (>50% — grade III) in the medial facet
(arrowhead). (b) Fissure involving less than 50% of the hyaline carti-

signal, indicating fibrillation or erosion of less than 50%
of the chondral thickness. In Grade III lesions, there is
loss of more than 50% of the chondral substance, and
there may be small areas in which the bone surface is
reached. Grade IV lesions indicate extensive full-thick-
ness chondral defects with subchondral bone marrow
edema [79, 80] (Fig. 7.32).

Loss of cartilage integrity may lead to abnormalities in
the underlying subchondral bone, such as cysts, sclerosis,
and osteophytosis, which can be detected on MRI. Another
frequently associated finding is subchondral bone marrow
edema-like signal changes, which studies suggest may pre-
date and progress to subchondral cysts over time [81].

Chronic chondral lesions with detachment of cartilagi-
nous fragments into the joint lead to chronic irritation of the

lage of the lateral facet of the patella (arrow) (grade II lesion). (c)
Chondral fissure involving more than 50% of the hyaline cartilage of
the medial facet of the patella (arrow) (grade III lesion). (d) Deep chon-
dral erosion in the lateral femoral condyle (arrow), reaching the sub-

chondral bone associated with
(arrowheads) (grade IV lesion)

adjacent bone marrow edema

synovium and may cause synovitis. In some cases, the syno-
vial response can be very extensive and may take on a pseu-
dotumoral appearance on imaging examinations (Fig. 7.33).
Intraarticular loose bodies can be identified, especially in the
suprapatellar recess, intercondylar notch, posterior to the
femorotibial joint space and along the popliteal hiatus of the
articulation (Fig. 7.34).

Key Point

* MRI underestimates size of chondral lesions. A
complete description including cartilage, subchon-
dral bone, and synovial abnormalities should be
performed in a setting of chondral imaging.
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Fig. 7.33 Pseudotumoral appearance of knee osteoarthrosis. Coronal
T2-weighted image with fat suppression demonstrates complete and
diffuse cartilage loss in the femorotibial compartments with large sub-
chondral cysts, especially at the tibial plateau

Fig. 7.34 Intraarticular loose body. Sagittal PD-weighted images with
fat suppression. (a) A deep chondral lesion with sharp margins at the
lateral femoral condyle (arrowhead), indicating an acute chondral

7.6  Concluding Remarks

Knee abnormalities include meniscal, ligamentous, ten-
dinous, bone, and chondral disorders. MRI is highly
accurate and is the imaging method of choice to assess
internal derangement of the knee. Several new informa-
tion regarding anatomy and pathology of the menisci,
tendons, and ligaments were published in the last years.
Recognition of knee anatomy, normal variants, and imag-
ing patterns of main disorders is pivotal for an accurate
diagnosis.

Take Home Messages

* MR imaging criteria for a meniscal tear are meniscal
morphologic distortion (in absence of prior surgery)
or intrameniscal high signal intensity extending to
an articular surface, seen on two or more consecu-
tive slices.

* Direct MR signs of an ACL tear are focal ligamen-
tous discontinuity, diffuse or focal signal intensity
abnormality, and abnormal orientation of the ACL.

detachment. (b) The chondral fragment is dislocated to the anterior
aspect of the intercondylar notch (arrow)
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e Main structures involved in posterolateral corner
stability are lateral collateral ligament, biceps
femoris tendon, popliteus tendon, and popliteo-
fibullar ligament.

e Chondral lesions are characterized on MRI by
thickness and morphological abnormalities of hya-
line cartilage as well as intrasubstance increased
signal on fluid-sensitive sequences.
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Learning Objectives

* To understand the importance of profound anatomic
knowledge for analyzing radiologic examinations
of the ankle and foot.

e To get an insight into important ankle and foot
pathologies.

8.1 Tendon Pathology

8.1.1 Anatomy and Pathophysiology

Tendons have one of the highest tensile strengths of all soft
tissues but can get injured secondary to both acute and
chronic trauma [1-5]. Tendon pathology occurs along a
spectrum, beginning with peritendinous inflammatory
change. This then can progress to tendinosis, which repre-
sents progressive degeneration of the tendon fibers with
incomplete healing secondary to chronic stress. Tendinosis
sets the stage for tearing, which comes in two variants: par-
tial and complete thickness.

Ankle tendons and any associated pathology can be easily
evaluated on imaging, most commonly MR imaging and
ultrasound. On MR imaging, a normal tendon appears as an
ovoid or circular low signal structure with intact margins.
Peritendinous inflammatory change appears as increased
T2-weighted signal surrounding portions of the tendon. In
instances where a tendon sheath is present, this abnormal
signal is consistent with tenosynovitis or sheath inflammation.
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In these cases, you may see associated thickening of the ten-
don sheath and/or thickened regions of synovium inter-
spersed in the increased T2 signal. Tendinosis will appear as
abnormal thickening of the tendon with possible associated
regions of intermediate increased intrasubstance signal. With
partial thickness tears, you will see a defect or fluid-like
increased T2-weighted signal region within a portion of the
tendon that does not involve the entire cross-sectional area of
the tendon. Patients with complete tears have a defect or
abnormal increased T2-weighted signal throughout the entire
cross-sectional area of the tendon.

On ultrasound, the normal tendon will have a hyperechoic
fibrillar appearance [6]. Tendinosis will appear similar to MR
imaging with abnormal thickening of the tendon with possible
associated regions of intrasubstance hypoechogenicity. With
partial-thickness tears, you will see a defect or defined
hypoechoic region within a portion of the tendon that does not
involve the entire cross-sectional area of the tendon. Patients
with complete tears have a defect or hypoechogenicity
throughout the entire cross-sectional area of the tendon.

8.1.2 Ankle Tendon Compartments

There are four ankle/foot tendon compartments.

Anteriorly, you will find the anterior tibialis, extensor hal-
lucis, and extensor digitorum tendons (a.k.a. anterior exten-
sor tendons). The anterior tibialis tendon is the largest,
strongest, and most commonly injured of the three anterior
tendons (Fig. 8.1). Acute injuries can occur in normal ante-
rior tibialis tendons secondary to penetration or laceration
injuries from a sharp object such as a hockey boot blade [3].
Acute injuries more commonly occur in the setting of chronic
tendinosis, typically in older patients in the 60—70 age range
[3]. In certain instances, these patients can present to imag-
ing to rule out neoplasm with a mass-like lesion along the
anterior aspect of the ankle, which represents the torn,
retracted tendon.
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Fig. 8.1 Anterior tibialis tendon tear. Axial (a) and sagittal (b) fat-suppressed T2-weighted MR images of the right ankle demonstrate a full-
thickness tear of the anterior tibialis tendon (arrows) secondary to a recent laceration injury

Medially, you will find the posterior tibialis, flexor digito-
rum, and flexor hallucis tendons (a.k.a. medial flexor ten-
dons). The posterior tibialis tendon is the most commonly
injured tendon along the medial ankle, typically in middle-
aged and elderly women [2]. The spectrum of injuries ranges
from tenosynovitis to complete tearing and is commonly
associated with flat foot deformity [2]. Partial-thickness tear-
ing of the posterior tibialis tendon can also appear as thin-
ning or atrophy of the tendon [2]. It is important to note that
the posterior tibialis tendon can be dysfunctional without
evidence of tearing on imaging [2]. The flexor hallucis lon-
gus tendon is the second most commonly injured medial ten-
don, classically seen in dancers.

Posteriorly, you will find the Achilles tendon. The
Achilles tendon is most commonly injured 2—6 cm proximal
to its calcaneal insertion, related to the low vascularity in
this portion of the tendon (a.k.a. Watershed region) [4].
Injuries are typically posttraumatic in nature with acute
tearing superimposed on chronic tendinosis. There are dif-
ferent types of Achilles tendinosis, most commonly hypoxic
and mucoid [4]. The insertional portion of the tendon is
interposed between the retrocalcaneal bursa (anteriorly) and
subcutaneous bursa (posteriorly). These bursae can get
inflamed, along with the tendon, in the setting of Haglund’s
disease (Fig. 8.2) [4].

Laterally, you will find the peroneal tendons: brevis and
longus. Peroneal tendon pathology can occur in the acute
setting, secondary to ankle sprains, as well as in the chronic
setting, in the form of tendinosis from repetitive stress,
impingement from displaced fractures of the calcaneus or

Fig. 8.2 Haglund’s syndrome. Sagittal fat-suppressed T2-weighted
MR image of the right ankle demonstrates insertional Achilles tendino-
sis (white arrow) with adjacent retrocalcaneal bursitis (gray arrow) and
an enlarged posterosuperior calcaneal margin (curved arrow) in a ballet
dancer with chronic posterior ankle pain

distal fibula, or inflammatory arthroplasty [S]. Stenosing
tenosynovitis can be seen along the peroneal tendons, sec-
ondary to chronic friction along the tendons related to
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Fig. 8.3 Peroneal stenosing tenosynovitis. Axial (a) and coronal (b) fat-suppressed T2-weighted MR images of the right ankle demonstrate pero-
neus brevis and longus tendinosis with partial-thickness tearing (white arrows), surrounding tendon sheath thickening and scarring (gray arrows)

tendinosis, thick inferior retinaculum, and/or a narrowed
inferior osteofibrous tunnel (Fig. 8.3). Peroneal tendon
instability can also be seen on imaging, typically related to
superior peroneal retinacular injuries [S]. While displaced
tendons can be seen on MR imaging, ultrasound can nicely
demonstrate the unstable tendons during imaging.

Key Point

* Systematic evaluation of the ankle tendons on MR
imaging and ultrasound is crucial in both the acute
and chronic pain settings. The spectrum of impor-
tant tendon pathology ranges from tendinosis to
partial-thickness tearing to full-thickness tearing.
Tenosynovitis is another important imaging finding
to report.

8.2  Bonelnjuries

Bone injuries are commonly seen at the ankle and foot,
especially in the athletic population. The most common
class of bone injuries diagnosed on imaging are stress frac-
tures, which occur in two varieties [7-9]. There are fatigue-
type stress fractures which result from chronic abnormal
stress on normal bone. There are also insufficiency-type
stress fractures which result from normal stress on abnor-
mal bone. The imaging algorithm for stress fracture typi-
cally begins with radiographs which may appear normal or
show early signs of fracture including early callus forma-
tion, endosteal sclerosis, and/or fracture line [8]. MR imag-
ing is the most sensitive imaging modality for this
pathology, with findings including periosteal and endosteal
edema, hypointense fracture line, and/or hypointense callus
formation [8].



110

S. Gyftopoulos and K. Woertler

Fig. 8.4 Navicular stress fracture. Axial (a) and coronal (b) fat-suppressed T2-weighted MR images of the left foot demonstrate an incomplete
stress fracture with surrounding bone marrow edema along the dorsal aspect of the navicular (arrows)

Common locations for stress fractures at the ankle and
foot include metatarsal diaphysis, tarsal navicular, calca-
neus, sesamoids, distal tibia, and distal fibula (Figs. 8.4 and
8.5). These injuries are most commonly seen in distance run-
ners but can also be seen in other types of sports including
basketball, gymnastics, and ballet [8]. Ultrasound, nuclear
medicine, and CT imaging can also be used to diagnose these
injuries, although less commonly than radiographs and MR
imaging.

Key Point

 Stress fractures are common and important patholo-
gies to diagnose on radiographs and MR imaging.
Familiarity with the most common locations for
stress fractures increases your chances for accurate
diagnosis.

8.3 LisfrancJoint Injuries

The Lisfranc joint complex compromises three separate
compartments: medial, central, and lateral [10]. The medial
compartment is made up of the first tarsometatarsal joint,

while the central compartment is composed of the second
and third tarsometatarsal joints. The lateral compartment is
composed of the articulations of the fourth and fifth tarso-
metatarsal joints. These articulations along with the sur-
rounding capsules and ligaments provide stability to the
Lisfranc joint complex.

The most important ligament is the Lisfranc ligament
which is found along the medial aspect of the midfoot [10,
11]. The Lisfranc ligament has three components [12]. The
strongest and most important component is the interosseous
component, which extends from the medial cuneiform to the
second metatarsal base [11, 12]. The second strongest com-
ponent is the plantar component, which extends from the
medial cuneiform to the plantar aspects of the second and
third metatarsals. The weakest component is the dorsal com-
ponent, which is found dorsally and extends from the medial
cuneiform to the second metatarsal base.

The imaging algorithm for Lisfranc injury typically
begins with radiographs. While gross disruption of the tarso-
metatarsal joints can be easily seen in the setting of a Lisfranc
fracture dislocation injury secondary to high-energy trauma,
special attention should be placed on the first and second
tarsometatarsal joints in more subtle low-energy trauma
cases [13]. One should carefully evaluate the middle cunei-
form and second metatarsal base articulation for offset, the
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Fig. 8.5 Calcaneal stress fracture. Sagittal fat-suppressed T2- (a) and proton density weighted (b) MR images of the left ankle demonstrate
incomplete stress fractures with surrounding bone marrow edema within the posterior third of the calcaneus (arrows)

first and second tarsometatarsal joint interval for abnormal
widening (> 2 mm), and avulsion fracture at the second
metatarsal base. If possible, weight-bearing radiographs
should be obtained as these radiographic findings are more
likely to be seen in this imaging setting.

MR imaging is typically the second imaging modality uti-
lized for the evaluation of Lisfranc ligament injury if radio-
graphs are inconclusive and/or more information is needed
to make a treatment decision. The main advantage of MR
imaging is the ability to visualize each component of the
Lisfranc ligament [12]. The normal interosseous component
is a thick low signal structure that is best seen on the long-
axis and short-axis MR imaging planes extending from the
medial cuneiform to the second metatarsal base. This liga-
ment can appear striated, especially on 3 T imaging, which is
a normal variant and should not be confused with pathology
[12]. The plantar component is best seen on short-axis imag-
ing as a low signal structure extending from the medial cune-
iform to the plantar aspects of the second and third
metatarsals. The dorsal component is also best seen on short-
axis imaging as a thin low signal structure extending along
the dorsal aspects of the medial cuneiform and second meta-
tarsal base.

MR imaging signs of ligament injury include abnormal
increased T2-weighted signal within and/or along the mar-
gins of the Lisfranc ligament components, disrupted liga-

ment fibers, and avulsion of the ligament from one of its
osseous attachments (Fig. 8.6). While all three components
should be evaluated, special attention to the interosseous
component should be made as the state of this component
most directly guides treatment decisions. Bone injuries,
including bone contusions and/or fractures, along the mar-
gins of the first and second tarsometatarsal joints should
bring your attention to the Lisfranc ligament complex in
order to assess for possible injury. Focal osseous avulsion
fragments can be easily missed on MR imaging; correlation
with radiographs or CT would be useful in these settings. CT
is also useful, and typically the second imaging modality uti-
lized, in the setting of Lisfranc fracture dislocation injuries.

Key Point

* High suspicion for Lisfranc ligament injury is
crucial in the setting of foot trauma. On radio-
graphs, the reader should pay careful attention to
the middle cuneiform-second metatarsal base
articulation and the first and second tarsometatar-
sal joint interval. On MR imaging, the reader
should carefully evaluate the interosseous compo-
nent as this is the most important portion of the
Lisfranc ligament complex.
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Fig. 8.6 Lisfranc ligament tear. Coronal (a) and axial (b) fat-
suppressed T2-weighted MR images of the left midfoot demonstrate
tearing of the interosseous (white arrows), plantar (gray arrow), and

8.4  TurfToe/Plantar Plate Injuries

The plantar plates at the metatarsophalangeal (MTP) joints
are common locations of pathology in the forefoot [11, 14,
15]. Plantar plate pathologies are typically divided into two
categories: first MTP (great toe) injuries and second through
fifth (lesser toe) injuries. Both categories of pathology can be
evaluated with either MRI or ultrasound, although MR imag-
ing is the preferred modality.

The first ray and MTP joint, in particular, play an impor-
tant role in foot mechanics [14]. Thus, injuries to the first
MTP joint can have important and potentially devastating
consequences. The plantar aspect of the first MTP joint is
composed of several components which make up what is
referred to as the plantar plate complex. This complex pro-
vides both dynamic and static joint stability, while providing
protection to the articular surfaces of the first MTP joint.

The plantar plate complex has three main parts: osseous,
ligamentous, and musculotendinous [14]. The osseous com-
ponent is compromised of the medial and lateral sesamoids,
which serve as attachment sites for important adjacent soft
tissue structures, as well as the proximal phalanx and meta-
tarsal head articular surfaces. The ligamentous part has
multiple components. There is a fibrocartilaginous pad which
surrounds the sesamoids and is inseparable from paired sesa-
moid phalangeal ligaments, intersesamoid ligament, and

dorsal (black arrow) components of the Lisfranc ligament and adjacent
bone contusions (stars)

paired metatarsosesamoid ligaments. On imaging, each nor-
mal ligament appears as a thin structure that extends from the
sesamoids to a surrounding structure. Sagittal (ultrasound,
long axis) and coronal (ultrasound, short axis) imaging
planes are typically the most useful. The most important
structures are the sesamoid phalangeal ligaments as they are
the most common location for pathology, typically in the set-
ting of hyperextension injury [14]. The musculotendinous
part compromises the medial and lateral heads of the flexor
hallucis brevis, flexor hallucis longus, adductor hallucis, and
abductor hallucis tendons.

Injuries to the first MTP plantar plate complex can occur
in the acute (trauma) or chronic (degenerative) setting [14].
Acute injuries, referred to as Turf toe, occur along a spec-
trum [11, 14]. Mild (grade 1) injuries represent sprains and
present with abnormal increased T2-weighted signal along
the ligament components, most commonly the sesamoid
phalangeal, as well as the sesamoids, and/or musculotendi-
nous structures. Grade II injuries represent partial-thickness
tearing of the plantar plate complex, most commonly the
sesamoid phalangeal, with associated intrasubstance and
surrounding abnormal increased T2-weighted signal. Grade
IIT injuries represent complete tearing of the plantar plate
complex ligamentous structures and/or fracture or diastasis
of the sesamoids. Grade I-III injuries are typically treated
conservatively with a positive correlation between injury
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Fig.8.7 Plantar plate tear (great toe). Sagittal (a) and coronal (b) fat-suppressed T2-weighted MR images of the right forefoot demonstrate tearing
of the medial sesamoid phalangeal ligament (black arrows) and strain of the abductor hallucis muscle (white arrow)

Fig.8.8 Plantar plate tear (lesser toes). Sagittal (a) and coronal (b) fat suppressed T2-weighted MR images of the left forefoot demonstrate tearing
of the second metatarsophalangeal plantar plate along its lateral aspect (white arrows)

grade and recovery time [14]. Marked first MTP joint insta-
bility may be an indication for surgery in certain cases [14].

Osteochondral injuries are common and typically involve
the sesamoids [14]. Sesamoid pathologies include sesamoid-
itis (stress reaction), fractures, osteonecrosis, and diastasis of
a bipartite sesamoid. Acute injuries along the proximal pha-
lanx and metatarsal head articular surfaces can also occur but
are less common. Chronic first MTP plantar plate injuries are
typically seen in the setting of osteoarthritis and hallux val-
gus deformities.

Unlike the first MTP, the plantar plates of the lesser toes
consist of a single fibrocartilaginous plate that extends from
the metatarsal head (thinnest portion of the plate) to the
proximal phalanx base (thickest portion of the plate) at each
joint [11, 15]. Similar to the first MTP joint, the lesser toe
plantar plates provide joint stability and articular surface
protection. On imaging, the plate appears as a well-defined
structure extending from the metatarsal head to the phalanx
base. Sagittal (long axis) and coronal (short axis) imaging
planes are typically the most useful. The second and third
MTP plantar plates are most commonly injured with the

spectrum of pathology ranging from degeneration to partial-
thickness tearing to complete tearing [11]. Plantar plate
degeneration appears as thickening of the plate, while tear-
ing typically presents as a defect at the plate insertion
(Figs. 8.7 and 8.8). The medial phalanx insertion is the most
common initial site for plantar plate pathology. Care should
be taken to not confuse the synovitis that can occur adjacent
to plantar plate tearing with a Morton neuroma [11].

Key Point

e Understanding of the plantar plate anatomy is
essential for the accurate diagnosis of pathology on
imaging. The sesamoid phalangeal ligaments are
the most common location for pathology at the first
MTP joint. The second and third MTP plantar plates
are most commonly injured in the lesser toes with
the spectrum of pathology ranging from degenera-
tion to partial-thickness tearing to complete
tearing.
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8.5 Ankle Ligament Injuries
8.5.1 Lateral Collateral Ligament Complex

The lateral collateral ligament complex of the ankle is com-
posed of three main structures: the anterior talofibular liga-
ment (ATFL), the calcaneofibular ligament (CFL), and the
posterior talofibular ligament (PTFL). The ATFL, as the
weakest of these ligaments, originates from the tip of the dis-
tal fibula, takes an almost horizontal intra-articular course,
and inserts to the talar neck. The CFL is vertically oriented
and extra-articular and extends from the lateral malleolar tip
to the trochlear eminence of the calcaneus, lying deep to the
peroneal tendons. Both the ATFL and the CFL are seen as
linear structures of low signal intensity on MR imaging. The
PTFL takes an almost horizontal course from the fibular mal-
leolar fossa to the posterior talus. It has an intra-articular but
extra-synovial location and blends with the posterior cap-
sule. On MR imaging, it appears as a strong, often fan-shaped
structure with a striated appearance due to fibrofatty compo-
sition [16-18].

The lateral ligaments are the most commonly injured struc-
tures of the ankle. Approximately 85% of all ankle sprains
result in damage to the lateral ligamentous complex. Inversion

Fig. 8.9 Lateral collateral ligament complex tear. Coronal (a) and
axial (b) fat-suppressed intermediate weighted MR images obtained
after a right ankle sprain show complete tearing of the calcaneofibular
(black arrow) and anterior talofibular (black arrowhead) ligaments with

injuries most often lead to isolated tears of the ATFL or com-
bined tears of the ATFL and CFL. Isolated tears of the CFL are
rare, and injuries of the PTFL almost never occur unless fol-
lowing gross dislocation of the ankle. Typical sites of ATFL
and CFL tears are the mid-substance of the ligaments or their
insertions to the talus and calcaneus [16, 17].

On MR imaging, thickening and increased TI1- and
T2-weighted signal intensity associated with surrounding
edema suggest a partial ligament tear. Complete tears are char-
acterized by discontinuity and retraction of the ligament
(Fig. 8.9). Osseous avulsion can be overlooked, in particular if
the bony fragment is small, and therefore, correlation with con-
ventional radiography is mandatory. Associated injuries can
include osteochondral lesions of the talus; injury to the medial
collateral ligament complex, the tibiofibular syndesmosis, the
bifurcate ligament, and the ligaments of the tarsal sinus; and
peroneal tendon lesions, as well as fractures [16-18].

8.5.2 Maedial Collateral Ligament Complex
The medial collateral ligament complex has a superficial

and a deep layer. The superficial layer crosses two joints and
is composed of the tibiocalcaneal ligament (TCL), the tibio-

discontinuity and retraction. Note intact posterior talofibular ligament
(white arrow) with typical striated appearance. Posttraumatic hema-
toma is seen in the lateral subcutaneous tissue (stars)
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spring ligament (TSL), and the tibionavicular ligament
(TNL). The deep layer crosses only one joint and is formed
by the posterior tibiotalar ligament (pTTL) and the anterior
tibiotalar ligament (aTTL). Not all of these five components
may always be visualized on routine MR images; the pTLL,
TCL, and TNL can however be identified in most cases. The
pTTL is the thickest of the medial ligaments and differs
from the others by usually showing a striated appearance
[19, 20].

Overall, the medial collateral ligament complex is more
resistant to trauma than the lateral one, and therefore, the
strength of the medial complex may lead to medial malleolar
fracture without rupture of the ligaments. Injury to the medial
ligaments is seen in only 5—15% of all ankle sprains. In more
than half of these cases, both superficial and deep compo-
nents of the medial complex are involved. Most medial col-
lateral ligament injuries occur in combination with lateral
ligament tears, malleolar fractures, and syndesmotic tears.
Isolated injuries are rare. MR imaging criteria for the diag-
nosis of partial and complete tears of the different compo-
nents of the medial complex are identical to those described
with lateral ligament injuries. Loss of striation is an addi-
tional sign suggesting injury of the pTTL [19-21].

8.5.3 Tibiofibular Syndesmosis

The tibiofibular syndesmosis maintains integrity between the
distal tibia and fibula and resists axial, rotational, and trans-
lational forces. It is formed anteriorly by the anteroinferior
tibiofibular ligament (AITFL) and the interosseous ligament
(IL) and posteriorly by the posteroinferior tibiofibular liga-
ment (PITFL) and the transverse tibiofibular ligament
(TrTFL). The AITFL is often referred to as the anterior syn-
desmosis, and the PITFL and TrTFL as the posterior syndes-
mosis. The syndesmotic ligaments have an oblique course,
and therefore, some authors recommend oblique axial
images for MR imaging. In most cases the tibiofibular syn-
desmosis can however be sufficiently evaluated by analyzing
standard images in all three orthogonal planes. The normal
AITFL, PITFL, and TrTFL typically show a fascicular mor-
phology on MR images with T2 contrast [17, 21, 22].
Syndesmotic tears comprise approximately 10% of all
ankle injuries and are often overlooked at initial presenta-
tion. They can occur in isolation or in combination with
other ligament ruptures. Tearing of the tibiofibular syndes-
mosis is evident in approximately 50% of Weber B and the
vast majority of Weber C ankle fractures. A Maisonneuve-
type fracture should be ruled out in case of a seemingly iso-
lated syndesmotic injury. In high ankle sprains, the anterior
syndesmosis is often ruptured, whereas the posterior syndes-
mosis remains intact. Posterior syndesmotic injuries are
more often bony avulsions from the tibial insertion

(Volkmann fracture) than ligament tears. They commonly
occur if all components of the syndesmosis are involved and
in combination with ankle fractures [17, 18, 21-23].
Injuries of the tibiofibular syndesmosis can be diagnosed
by MR imaging with a high sensitivity and specificity. Partial
ligament tears are characterized by thickening, increased sig-
nal intensity, and loss of fascicular appearance as well as
adjacent soft tissue swelling. Frank discontinuity, a wavy or
curved ligament contour, and bony avulsion represent crite-
ria of a complete tear (Fig. 8.10) [22, 23]. Since rupture of
the AITFL at its fibular insertion is common, linear high sig-
nal intensity on the anterior cortex of the fibula seen on sagit-
tal intermediate or T2-weighted images with fat suppression
represents a secondary sign of an anterior syndesmotic tear.

Key Point

e Evaluation of the ligamentous structures on MR
images obtained after ankle sprains is crucial. All
components of the lateral and medial collateral
complex and the tibiofibular syndesmosis should be
routinely checked. Partial tears typically lead to
thickening and increased signal intensity of the
involved ligaments, whereas complete tears are
characterized by discontinuity and retraction. Bony
avulsion might be overlooked on MR imaging.

8.6  Osteochondral Lesions of the Ankle
Osteochondral lesions (OCL) of the talus (OLT) are most
often diagnosed in young adults as sequels of acute or recent
trauma. They are estimated to occur in 6—7% of all inversion
injuries, but their true incidence is probably higher. Regarding
all sports injuries of the ankle, OLT can be found as associ-
ated findings in up to 50% of the cases. OCL of the tibial
plafond are less frequent [21, 24, 25].

OLT following inversion trauma of the ankle can involve
the medial or lateral shoulder of the talar dome. Whereas
medial lesions are thought to be caused by compression
forces, lateral lesions are more likely initiated by shearing
forces. Medial OLT therefore often represent sequels of
(osteo)chondral contusions or compression fractures, and
lateral OLT are caused by cartilage delamination or (osteo)
chondral fractures. All staging systems for OLT are more or
less based on the classic publication by Berndt and Harty
[26], who classified the appearance of traumatic transchon-
dral fractures: stage 1 describes an area of subchondral com-
pression with intact overlying cartilage, stage 2 a partially
detached osteochondral fragment, stage 3 a completely
detached osteochondral fragment, and stage 4 a displaced
fracture with intra-articular loose body. A stage 5 describing
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Fig. 8.10 Anterior syndesmotic tear. Coronal (a) and axial (b) fat-
suppressed intermediate weighted MR images of the left ankle demon-
strate a tear of the anteroinferior tibiofibular ligament at its fibular

formation of a subchondral “cyst” (fibrous defect) was later
added by Loomer [21, 24, 26, 27].

In addition to radiographs, conventional MR imaging is
usually sufficient to detect and classify OCL of the ankle
joint after acute trauma (Fig. 8.11). Chronic lesions are often
difficult to characterize on MR imaging due to secondary
changes developing in and adjacent to the initially damaged
area. In this setting, CT arthrography has proved to be a use-
ful tool to accurately depict cartilage and bone defects of the
ankle with an impact on therapeutic decisions [25]. Important
criteria for surgical treatment include the integrity of articu-
lar cartilage overlying the talar as well as the opposite tibial
joint surface, the presence of subchondral “cysts,” and the
stability and viability of the osteochondral fragment.

Key Point

* The evaluation of chronic osteochondral lesions of
the ankle by MR imaging is challenging. CT
arthrography represents a valuable technique for
further analysis.

insertion (white arrows). The posteroinferior tibiofibular ligament
(white arrowhead) has remained intact. Bone marrow edema without
evidence of a fracture line is seen in the posterior tibial plafond (star)

8.7  Ankle Impingement Syndromes
Impingement syndromes of the ankle are characterized by
painful soft tissue encroachment most often due to posttrau-
matic changes following ankle injuries, usually sprains. The
diagnosis is largely clinical and may be supported by imaging
findings, including the depiction of morphologic bone and
soft tissue changes, localized synovitis, and predisposing
anatomic conditions [28, 29]. Anterolateral, anterior, and
posterior ankle impingement represent the most important
clinical entities. Anteromedial and posteromedial impinge-
ment syndromes are less common [28].

8.7.1 Anterolateral Impingement Syndrome

Anterolateral impingement is caused by entrapment of
abnormal soft tissue in the anterolateral recess (anterolateral
gutter) of the ankle, usually subsequent to an inversion sprain
with persistent anterolateral pain and swelling. The abnor-
mal soft tissue can represent posttraumatic scar tissue
(“meniscoid lesion”) or, more rarely, hypertrophy of the
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Fig. 8.11 Osteochondral lesion (OCL) of the talus. Coronal
T1-weighted MR image with DRIVE pulse (a) and corresponding fat-
suppressed intermediate weighted image (b) obtained eight weeks after

Bassett ligament. On MR imaging, scar tissue or synovial
hypertrophy can be seen obscuring the anterolateral recess.
These findings may be more easily identified on MR arthrog-
raphy. MR images obtained after intravenous contrast admin-
istration can show synovitis exclusively confined to the
anterolateral recess [28-31].

8.7.2 Anterior Impingement Syndrome

Anterior impingement is relatively common in soccer
players, ballet dancers and runners. Tibiotalar spur forma-
tion in the anterior joint recess, hypertrophy of capsular
tissue, and painful soft tissue entrapment are thought to be
induced by repetitive trauma. Conventional radiographs
are usually sufficient to identify the underlying bony
changes at the distal tibia and the anterior process of the
talus. MR imaging can demonstrate bone marrow edema,
cartilage loss, capsular thickening, and synovitis in the
anterior recess [28, 30].

inversion injury of the right ankle show non-displaced osteochondral
fracture at the lateral shoulder of the talus (arrows) with adjacent bone
marrow edema (star)

8.7.3 Posterior Impingement Syndrome

Posterior ankle impingement is typically seen in athletes
who execute repetitive plantar hyperflexion, such as ballet
dancers and soccer players. The underlying mechanism is
compression of bone and soft tissue structures between the
tibia and the calcaneus during forced plantar flexion of the
foot. Predisposing conditions include the presence of an os
trigonum, an elongated Stieda process, and a fractured lateral
tubercle of the talus. A more downsloping articular surface
of the tibia, a prominent posterior process of the calcaneus,
and a posterior intermalleolar ligament may also contribute.
Conventional radiography allows for identification of the
abovementioned variants and changes of osseous anatomy.
MR images can show bone marrow edema in all involved
osseous structures, fluid within a non-united fracture, thick-
ening of the posterior capsule, synovitis in the posterior joint
recess, as well as tenosynovitis of the flexor hallucis longus
and soft tissue edema (Fig. 8.12). An abnormal intermalleo-
lar ligament may also be visualized [28, 30].
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Fig. 8.12 Posterior ankle impingement (os trigonum syndrome).
Sagittal fat-suppressed intermediate weighted MR image of the ankle
(a) demonstrates os trigonum with bone marrow edema separated from
the talus by interposed fluid (black arrow), bone marrow edema in the
posterior talus (white star), and retroachillear soft tissue edema (black

Key Point
e Ankle impingement is a clinical and not a radiologi-
cal diagnosis.

8.8 Nerve Entrapment

8.8.1 Tarsal Tunnel Syndrome

Tarsal tunnel syndrome is caused by compression of the pos-
terior tibial nerve and its branches in the tarsal tunnel, a fibro-
osseous canal extending from the posteromedial ankle to the
plantar aspect of the foot. Possible clinical symptoms include
pain and paresthesia at the medial heel and/or the medial and
plantar aspect of the foot and toes, positive Tinel’s sign, and
weakness of the plantar muscles. Entrapment of the nerve can
occur due to trauma or repetitive stress (athletes), foot defor-
mity, ankle instability, spur formation, and space-occupying
masses (ganglia, nerve sheath tumors, accessory muscles).
MR imaging may show morphologic changes of the posterior

star) in a soccer player with clinical symptoms of posterior impinge-
ment. Corresponding fat-suppressed T1-weighted image after contrast
administration (b) shows localized synovitis in the posterior joint recess
(white arrowhead)

tibial nerve, denervation edema of the plantar muscles, a soft
tissue mass (Fig. 8.13), (teno)synovitis, or diffuse contrast
enhancement of the tarsal tunnel [32-34].

8.8.2 Baxter Neuropathy

The inferior calcaneal nerve (Baxter nerve) is a mixed sen-
sory and motor nerve, which arises from the lateral plantar
nerve within the tarsal tunnel. It takes a vertical course
between the abductor hallucis and quadratus plantae muscles
and then makes a horizontal turn, coursing laterally beneath
the calcaneus to innervate the abductor digiti minimi muscle.
Baxter neuropathy due to stretching of the inferior calcaneal
nerve is a common problem in runners, ballet dancers, and
gymnasts, who experience heel pain and burning sensations
radiating along the lateral foot. Other causes include a hyper-
mobile pronated foot, hypertrophy of the abductor hallucis
muscle, inferior calcaneal spurs, and plantar fasciitis. A clas-
sic sign of affection of the Baxter nerve on MR imaging is
denervation edema or fatty infiltration of the abductor digiti
minimi muscle [32-34].



8 Ankle and Foot

119

8.8.3 Jogger’s Foot

Entrapment of the medial plantar nerve between the abductor
hallucis muscle and the plantar crossover of the flexor digito-
rum longus and flexor hallucis longus tendons (“knot of
Henry”) is classically described in runners, typically with
hyperpronation and heel valgus. Clinical symptoms are radi-
ating medial foot pain, tenderness, and dysesthesia along the

Fig. 8.13 Tarsal tunnel syndrome caused by a ganglion. Coronal fat-
suppressed intermediate weighted MR image of the left ankle shows
cystic mass (arrow) with surrounding soft tissue edema entrapping the
tibial nerve (arrowhead) in the posterior tarsal tunnel. The patient expe-
rienced typical clinical symptoms of tarsal tunnel syndrome

Fig. 8.14 Morton neuroma. Coronal T1- (a) and T2-weighted (b) MR
images of the left forefoot obtained at the level of the metatarsal heads
reveal a dumbbell-shaped soft tissue mass of low signal intensity pro-

plantar aspect of the first and second toes. MR imaging can
confirm the diagnosis by demonstrating denervation edema
or fatty atrophy of the abductor hallucis, flexor digitorum
brevis, flexor hallucis brevis, and first lumbrical muscles
[32-34].

8.8.4 Morton Neuroma

Morton neuroma represents perineural fibrosis of a plantar
digital nerve due to chronic entrapment. The lesion is most
commonly found in the second or third intermetatarsal space
at the level of the metatarsal heads deep to the transverse
ligament. Clinical symptoms include numbness and forefoot
pain radiating into the toes or leg. MR imaging shows a
round or dumbbell-shaped mass extending from the involved
intermetatarsal space in a plantar direction, typically exhibit-
ing low T1- and T2-weighted signal intensity (Fig. 8.14).
Lesion conspicuity can be increased by examination of the
foot in prone position [33-35].

Key Point

* The diagnosis of nerve entrapment is based on clin-
ical and imaging findings. MR images should be
searched for morphologic changes of the involved
nerve, signs of nerve compression, and muscle
denervation.

8.9  Concluding Remarks

The complex anatomy and wide spectrum of pathology in
the ankle and foot region present a significant challenge to
the radiologist. Familiarity with the normal anatomy, ana-
tomic variants, various clinical conditions, and their appear-
ance on imaging is essential for accurate diagnosis.

truding from the third intermetatarsal space into the plantar soft tissues
(arrows)
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Take Home Message

* This short article can only give a rough overview on
selected anatomic features and pathologies of the
ankle and foot. Broaden your knowledge by study-
ing major textbooks, book chapters, review articles,
and scientific publications.
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Postoperative Knee and Shoulder

Ara Kassarjian and David A. Rubin

Learning Objectives

e Learn normal and abnormal imaging findings on
postoperative knee MRI.

e Learn normal and abnormal imaging findings on
postoperative shoulder MRI.

Key Points

* Interpretation of postoperative MRIs of the knee
and shoulder can be challenging.

* Knowledge of the details of the original lesion, sur-
gery performed, timing of surgery, and expected
normal postoperative findings is crucial for the cor-
rect interpretation of postoperative MRIs.

e Knowledge of the common complications of each
type of surgery and their appearance on MRI is cru-
cial for the correct interpretation of postoperative
MRIs.

9.1 Postoperative MRI of the Knee

Common knee operations address abnormalities of the liga-
ments, menisci, and articular cartilage. Because most proce-
dures are performed arthroscopically, the first challenge for
interpretation of a postoperative MRI examination is recog-
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nition that prior surgery has occurred. Horizontally oriented,
low-signal-intensity fibrotic scarring from arthroscopic por-
tals in Hoffa’s fat pad or adjacent to the patellar tendon may
be the only clue to prior surgery, especially when no implants
or grafts were used (Fig. 9.1a) [1].

9.2 Ligament Surgery

The knee ligament injuries that most commonly require
operative management are tears of the anterior cruciate liga-
ment (ACL) and medial patellofemoral ligament (MPFL).
Nonoperative care is typical for isolated tears of the medial
collateral or posterior cruciate ligament. Posterolateral cor-
ner and combined ligament injuries are less common but
usually require surgery.

9.2.1 Anterior Cruciate Ligament

Rarely a proximal ACL tear or avulsion with relatively pre-
served tissue quality will be treated with primary repair,
using suture anchors or pull-out buttons. Postoperatively, the
MRI appearance of a repaired ligament should closely mimic
a native intact ACL; a tibial tunnel may be visible if augmen-
tation with fiber tape was employed [2]. Most ACL tears are
managed with graft reconstruction, using autograft harvested
from the patellar or hamstring tendons. The graft is passed
through tunnels drilled in the distal femur and proximal tibia
and then anchored by bioabsorbable or metal fixation. Some
surgeons use two tunnels and grafts to replace the anterome-
dial and posterolateral bundles separately [3], although clini-
cal outcomes and stability are similar for single- and
double-bundle reconstructions [4].

Hamstring grafts are typically stripped from the distal
semitendinosus and gracilis and then quadrupled, resulting
in a multi-fascicle appearance. The resected tendons can
appear attenuated or regenerate and appear relatively
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Fig.9.1 A 27-year-old man with expected findings after anterior cruci-
ate ligament reconstruction. (a) Sagittal proton-density-weighted image
shows low-signal-intensity intact taut graft in intercondylar notch.
Femoral tunnel is near intersection of intercondylar roof (Blumensaat’s
line, red line) and posterior femoral cortex (blue line), while tibial tun-
nel (yellow lines) lies in anterior half of tibia but entirely posterior to
Blumensaat’s line. Note mild linear scarring in Hoffa’s fat pad (aster-

normal after several years [5, 6]. Patellar tendon grafts
come from the middle or medial third of the tendon
together with attached bone blocks from the inferior
patella and tibial tubercle. Postoperatively, a sagitally ori-
ented defect in the residual tendon may persist or heal with
hypertrophied scar tissue [7]. Donor site complications are
infrequent, with anterior knee pain the most common
occurring in approximately 17% of reconstructions using a
patellar tendon graft [8]. Patellar fractures are rare. Both a
recent prospective series and a 2003 meta-analysis found a
higher graft failure rate for hamstring compared with
patellar tendon grafts [8, 9].

Tunnel position affects outcomes and should be evaluated
on postoperative MRI. On sagittal images the femoral tunnel
exits near the junction of the roof of the intercondylar notch
(Blumensaat’s line) and the posterior femoral cortex [10].
The normal tunnel aperture in the coronal plane is between
10:00 and 11:00 for a right knee and between 1:00 and 2:00
for a left knee [7, 10]. The intra-articular opening of the tibial
tunnel belongs midline on coronal images, while on sagittal
images it should be just anterior to the midpoint of the tibia
but posterior to Blumensaat’s line (Fig. 9.1) [10, 11]. Tunnels

isk) from arthroscopy. Small cyclops lesion (arrow) was asymptomatic.
(b) Coronal fat-suppressed intermediate-weighted sequence was recon-
structed slightly obliquely to demonstrate graft course and tunnels
(arrows) on a single image. Opening of femoral tunnel is at 11:00 posi-
tion (right knee). Tibial tunnel aperture is in midline

that are located more anteriorly can predispose to graft
impingement and rupture, while tunnel positions that create
a nearly vertical graft may result in a lax graft and instability
[12, 13]. Tunnel widening, with or without intra-tunnel cyst
formation, typically occurs in the first 6 months after surgery
and later stabilizes or partly reverses [14]. These intraosse-
ous changes are more common after hamstring reconstruc-
tions and within the tibial tunnel and do not affect graft
function, but may influence plans for future revisions; cysts
can extend into the pretibial soft tissues as a mass [15, 16].
The MRI signal within an ACL graft follows a predictable
time course [7]. Initially tendon grafts are avascular and will
appear dark on all pulse sequences for the first 3-4 months.
Thereafter, vascular ingrowth and “synovialization” increase
the signal intensity on both T1- and T2-weighted images; at
this point diagnosis of a recurrent tear may be difficult, and
close correlation between imaging findings and clinical
examination is needed for correct assessment. Maturation
(“ligamentization”) of the graft by 12—18 months results in
predominantly low signal intensity, although small foci of
increased signal intensity on intermediate and T2-weighted
images can be seen within normally functioning grafts even
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Fig. 9.2 Focal and diffuse arthrofibrosis following anterior cruciate
ligament reconstruction on sagittal T2-weighted images. (a) Intra-
articular cyclops lesion (arrow) anterior to graft in a 28-year-old man
with painful, limited knee extension. (b) A 51-year-old woman with

several years after reconstruction [17]. Additionally, linear
high-signal-intensity bands oriented between the layers of a
hamstring tendon allograft are normal [10]. An impinged
graft may show a distorted course with indistinctness of the
distal fiber contour and focally increased signal intensity [7,
18]. Graft impingement may limit knee extension and pre-
dispose to graft failure [10, 19].

Postoperative stiffness affects approximately 3% of
patients, more commonly women [20]. One contributor is
arthrofibrosis (Fig. 9.2). The focal form results in a synovial-
based soft tissue nodule (a “cyclops” lesion) anterior to the
distal graft of varying signal intensity [21]. Lesions greater
than 5 mm in diameter occur in approximately 25% of
patients 6 months after ACL reconstruction; however, the
presence and size do not correlate with clinical outcomes
through the first 2 years after surgery [22]. In cases where a
cyclops lesion contributes to pain or limited motion,
arthroscopic resection is indicated [23]. Diffuse arthrofibro-
sis appears as thick, low-signal-intensity bands within the
posterior aspect of Hoffa’s fat pad [24]. In severe cases
fibrotic scar tissue can involve the entire anterior interval of
the knee, extending from the intercondylar synovium to the
inferior pole of the patella, resulting in patella infera, severely
limited knee motion, and accelerated patellofemoral osteoar-
thritis [25]. Treatment consists of active motion and physical

severe knee stiffness due to generalized arthrofibrosis. Note band of
low-signal-intensity fibrotic scar in anterior interval (arrows), extending
along posterior margin of Hoffa’s fat pad to inferior patella and
associated patella infera

therapy; failures may undergo manipulation under anesthe-
sia or arthroscopic lysis of adhesions [26].

Graft rupture occurs in 3-8% of cases, usually due to
repeat trauma after a patient has returned to activity [7]. The
primary signs of a failed graft are similar to those for a native
ACL—namely, graft discontinuity, abnormal orientation, or
absence of visible fibers (Fig. 9.3) [11, 27]. Acutely, joint
effusion, edema within and surrounding the graft, and typical
bone contusions may also occur. Accuracy of MRI for diag-
nosing torn grafts is lower when failure is insidious com-
pared to cases with an acute re-injury [28]. Secondary
findings of laxity such as anterior tibial subluxation have low
positive predictive value after ACL reconstruction, limiting
clinical usefulness [29]. Fractured or migrated fixation
implants may contribute to graft failures.

9.2.2 OtherLigaments

Recurrent lateral patellofemoral instability may require
operative management. The medial patellofemoral ligament
(MPFL) is the most biomechanically important component
of the medial patellar retinaculum [30, 31]. In cases where
the MPFL is acutely avulsed from the patella, primary suture
repair with or without augmentation is possible [32]. When
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Fig. 9.3 Graft rupture 3 years after anterior cruciate ligament reconstruction in A 25-year-old man. Sagittal fat-suppressed T2-weighted images
show discontinuous (a) proximal and (b) distal graft fibers (arrows). Note presence of multiple strands in this hamstring autograft

the ligament is disrupted in other locations or is chronically
torn, formal reconstruction with a tendon graft can be
performed [30]. Postoperative MRI evaluation is similar to
that for ACL reconstructions: the tendon graft signal will
evolve over time, but the graft should be taut and continuous.
Usually there will be two patellar anchor sites, located within
1 cm of each other in mid and upper part of the bone. The
femoral tunnel should be located just caudal and anterior to
the adductor tubercle [33]. Complications include fracture
around the tunnel or anchor sites, graft laxity, graft rupture,
and recurrent patellar dislocation [33, 34].

The same principles outlined above for the ACL and
MPFL apply when imaging reconstructions of the less
commonly injured ligaments like the posterior cruciate or
lateral collateral [35-37]. Bone anchor sites and tunnels
should be located so that the single or multiple bundle ten-
don grafts approximate the native ligament orientations and
positions. The anterolateral ligament (ALL), which origi-
nates just cranial and posterior to the lateral femoral epi-
condyle and extends to the lateral tibial rim posterior to
Gerdy’s tubercle, is a secondary stabilizer to the ACL. ALL
reconstruction is sometimes done to augment primary or
revision ACL reconstructions, for patients at high risk of
ACL graft failure [38, 39].

9.3  Meniscal Surgery

Treatment of meniscal tears continues to evolve. For symp-
tomatic meniscal tears, the current operative approach is to
preserve as much meniscal tissue as possible ideally by pri-
mary repair. New surgical techniques have expanded the
spectrum of which tears may be repaired, including some
meniscal root avulsions. Nonrepairable tears typically
require limited resections. Unsalvageable menisci may be
replaced by transplantation. Each of these interventions
alters the imaging appearance of the meniscus. An under-
standing of the expected postoperative appearances, the limi-
tations of MRI after meniscal surgery, and the imaging
criteria that can be used is necessary for accurate postopera-
tive interpretation.

9.3.1 Partial Meniscectomy and Meniscal

Repair

During partial meniscectomy the surgeon resects as little of
the torn meniscus as possible in order to leave a stable
residual component, because both radiographic and func-
tional results are worse when more meniscus is resected
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Fig. 9.4 Recurrent meniscal tear following partial meniscectomy in a
39-year-old woman. (a) Sagittal proton-density-weighted image shows
truncation of inner meniscal margin and intrameniscal signal extending
to articular surface (arrow), findings diagnostic for tear in native

[40]. Partial resection truncates the normal triangular
meniscal cross section, invalidating one of the chief MRI
criteria used for diagnosing tears in native menisci. The
altered shape can both simulate and obscure a recurrent
meniscal tear [41]. Furthermore, partial excision may allow
normal internal signal that was not part of the original tear
to now contact the new meniscal surface on a proton-
density-weighted image, which invalidates the other major
criteria for meniscal tear [42]. If less than 25% of the
meniscal width is resected, applying the standard rules for
meniscal tears still work well; however, when more menis-
cus is removed, accuracy decreases [43]. A tear in a new
location (if a preoperative MR is available to show the orig-
inal tear location), displaced meniscal fragments, or a fluid-
filled cleft extending into the meniscus on a T2-weighted
image remain reliable but insensitive signs of a recurrent
meniscal tear, even when greater than 25% of the meniscus
is removed (Fig. 9.4) [44, 45].

Primary repair using suture, darts, or other anchors is the
preferred treatment for menisci that have the potential to
heal. Reparable tears are primarily vertical longitudinal
ones near the vascularized meniscal periphery (the “red”
zone) [46]. Tears heal with granulation and scar tissue,
which may continue to demonstrate high signal intensity,
even years later (Fig. 9.5) [47]. Thus, a healed meniscus
will frequently fulfill the signal criteria for a meniscal tear,

menisci, but unreliable when more than 25% of meniscus has been
resected. (b) On T2-weighted image, surfacing high signal intensity
(arrow) indicates recurrent meniscal tear

decreasing the specificity for diagnosing a persistent
(unhealed) or recurrent tear. When the repaired meniscus
shows no signal on any sequence, the meniscus is healed;
however, only surfacing signal isointense to fluid on a
T2-weighted sequence is reliable for diagnosing a residual
or recurrent tear [48]. Approximately 14% of meniscal
repairs develop a meniscal cyst, which may be asymptom-
atic. In contrast to cysts that occur in native menisci, those
presenting after meniscal repair do not necessarily indicate
an underlying tear [49].

MR arthrography (MRA), most often performed after
direct intra-articular injection of a dilute gadolinium mix-
ture, is a useful adjunct in postoperative knees. The primary
sign of a tear in a postoperative meniscus is injected contrast
(confirmed on a T1-weighted imaging) entering the sub-
stance of the residual meniscal fragment or repaired menis-
cus (Fig. 9.5) [50]. Some practices use indirect MRA by
injecting gadolinium intravenously, exercising the knee, and
allowing contrast to diffuse from the synovium into the joint.
However, intravenous contrast injection does not produce
joint distention (limiting sensitivity for nondisplaced tears)
and enhances granulation tissue (decreasing specificity after
meniscal repair) [51]. Accuracy for residual or recurrent
tears increases from 57-80% with non-contrast MRI to
85-93% with direct MRA [46]; the added value persists even
when conventional MRI is acquired using a 3-T magnet [52].
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Fig.9.5 A 32-year-old man with healed meniscal tear, repaired 7 years
previously. (a) Sagittal fat-suppressed T2-weighted image shows
persistent signal (arrow) contacting meniscal surface at site of
previously repaired peripheral longitudinal tear. Abnormality is bright

9.3.2 Root Repair and Meniscal Transplant

Newer surgical procedures now offer meniscal preservation
for a broader range of meniscal injuries. Rupture of the pos-
terior root that anchors the meniscus to the tibia is a devas-
tating condition, rendering the meniscus unable to distribute
contact forces [53] predisposing to accelerated osteoarthri-
tis, subchondral insufficiency fracture, and osteonecrosis in
the affected compartment. Partial meniscectomy in these
knees is associated with progressive osteoarthritis, but in
some cases, repair can restore normal biomechanics and
lessen the negative impact [54]. The torn root is usually reat-
tached by drawing sutures through a transosseous tunnel
and then anchoring the construct in the tibia [55]. Cadaveric
replacement is an option in stable knees with relatively nor-
mal articular cartilage that have essentially nonfunctional
menisci (due to prior subtotal meniscectomy or recurrent,
nonrepairable tears). The allograft meniscus is harvested
with bone plugs or a bone bridge attached to the anterior and
posterior roots, and the osseous components are fixated to
the recipient tibia through drilled tunnels or a trough. The
periphery of the transplanted meniscus is then sutured to the
joint capsule [56].

No standardized criteria have been validated for imaging
evaluation of meniscal root repairs. A completely healed

but less intense than fluid (asterisk) in knee joint. (b) Fat-suppressed
T1-weighted image from direct MR arthrogram shows no contrast
extending into meniscus (arrow). Compare to gadolinium in joint
(asterisk). No tear was found at subsequent arthroscopy

repair should show continuous tissue from the posterior root
through the drilled tunnel. The tissue may be intermediate in
signal intensity on proton-density-weighted sequences, but
fluid intensity signal on a T2-weighted image or fragment
displacement at the repair site indicates operative failure
(Fig. 9.6) [55]. New tears may also develop separate from the
repaired root. Studies have found both reduced and increased
degrees of meniscal extrusion after root repair, with a meta-
analysis showing no overall change in extrusion and varying
degrees of progressive degenerative arthritis [57]. However,
the short-to-medium term clinical improvement seems to be
independent of these MRI findings [58].

Imaging after a meniscal allograft procedure is challeng-
ing. Normal, functioning grafts can shrink (especially if graft
was fresh as opposed to frozen) or may demonstrate extru-
sion, but neither imaging finding is associated with clinical
outcomes [57]. After 4 years, knees with >3 mm extrusion of
the allograft do show significantly more joint space narrow-
ing compared to those with non-extruded grafts, but the clin-
ical results in the two groups do not differ [59]. At least for
the first year, signal intensity of the transplanted meniscus is
higher compared to native menisci (especially in the anterior
horn) [60]. A systemic review of meniscal allografts found
an 11% average failure rate at approximately 5 years [61].
Failure mechanisms include fracture of the native tibia
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Fig. 9.6 Failed posterior medial meniscal root repair in a 23-year-old
man. (a) Sagittal T2-weighted image shows transtibial tunnel (arrows)
drilled for suture passage without attached meniscal tissue (asterisk).

around the fixation, new tears within the meniscal substance,
and peripheral separation at the meniscocapsular junction. In
these latter cases, the meniscus may displace like a bucket
handle tear into the intercondylar notch [46].

9.4  Articular Cartilage Surgery

Articular cartilage is avascular, which limits its ability to
self-repair or for surgically reattached chondral fragments to
heal. Simple debridement of symptomatic focal cartilage
defects (“chondroplasty”) leads to formation of reparative
fibrous or fibrocartilaginous tissue that lacks the gliding and
protective qualities of normal hyaline cartilage and breaks
down in a few years. Nevertheless, recovery after chondro-
plasty is rapid, and patients may get short-term relief, so it is
used in high-end athletes [62]. Procedures that aim to create
more functional hyaline-like cartilage include techniques to
stimulate the underlying bone marrow, replace the cartilage
surface by transplanting intact osteochondral fragments, or
implant new cartilage cells and substrate into a defect. The
choice of procedure depends on the patient age and physical
demands, the size of the lesion, and concomitant abnormali-
ties of the knee ligaments, menisci, and alignment.
Procedures can also be combined with each other or with
bone grafting, especially when a chondral defect is associ-
ated with extensive bone loss [63].

(b) Coronal T1-weighted image from MR arthrogram demonstrates
re-torn meniscal root (arrow) separated from anchor site

9.4.1 Marrow Stimulation

During microfracture, the surgeon debrides the chondral
lesion and then repeatedly punctures the underlying sub-
chondral bone plate with an awl, pick, or drill, allowing
blood and marrow stem cells to fill the cartilage crater. The
resultant blood clot later differentiates into fibrous tissue or
fibrocartilage. Patients may get short-term relief, but the
reparative tissue typically fails by 5 years, with poorer out-
comes in athletes [62, 64]. On postoperative MRI, the signal
of the fibrocartilage is initially brighter than surrounding
normal hyaline cartilage [65, 66]. The amount of the defect
that is ultimately filled correlates with clinical success [67].
Ideally the new articular surface will be congruent by
1-2 years (Fig. 9.7). Overgrowth of the subchondral bone
including osteophyte formation at the base of the lesion
increases the risk of failure by a factor of 10x [68]. Underlying
bone marrow edema is common and decreases over time;
marrow edema persisting beyond 2 years can be associated
with treatment failure and should be noted [69].

9.4.2 Osteochondral Grafting

In osteochondral transfer, the articular surface is recon-
structed by implanting one or more cylinders composed of a
bone core and overlying hyaline cartilage into a chondral
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Fig. 9.7 A 39-year-old man with medial femoral condyle cartilage
lesion managed by microfracture. (a) Initial sagittal T2-weighted image
shows areas of partial- and full-thickness cartilage loss (arrows). (b)

defect (Fig. 9.8). The graft may come from a relatively low-
stress surface in the patient’s knee (an autograft, sometimes
called Mosaicplasty™ or OATS™) or from a cadaver donor
(an allograft). Ideally the deep (ossified) portion will inte-
grate with the surrounding bone, while the overlying carti-
lage will remain viable and merge with the bordering healthy
cartilage [70]. Results of osteochondral autograft procedures
are better compared to microfracture, especially for small
lesions in young patients [64, 71]. Allografts are typically
used for larger defects, with extensive bone loss, or for revi-
sion after other failed procedures [72].

The postoperative imaging appearance after osteochon-
dral grafting can be deceptive—a step-off may be present
between of the donor and recipient subchondral bone plates
due to different thicknesses in the overlying cartilage [69].
The surgeon places the graft(s) to create a smooth articular
surface, which should be evident on postoperative imaging
[24]. For autografts, the MRI signal in the overlying cartilage
is variable and does not correlate with outcomes. Marrow
edema in the graft and underlying bone is common and can
persist normally for up to 3 years [73]. However, cyst forma-
tion at the base of the graft is a sign indicating poor integra-
tion [69]. Underfilling of the original defect is weakly

Three years after procedure reparative fibrocartilage remains slightly
hyperintense compared to normal hyaline cartilage but fills defect and
demonstrates smooth articular surface (arrow)

associated with clinical failures. Osteonecrosis of a graft can
occur without clinical manifestations [73]. The harvest site
typically heals with bone and fibrocartilage (Fig. 9.8b), but
donor site morbidity (typically patellofemoral pain or crepi-
tus) occurs in approximately 6% of procedures [74].

Imaging findings following allograft reconstruction are
similar. One difference is that extensive marrow edema in the
host bone, graft, and interface can be associated with an
immunologic reaction against the donor’s bone [75]. MRI
signs portending failure at 1 year include persistent marrow
edema deep to the transplant, cysts or fluid at the bone inter-
face, and collapse of the articular surface [65, 66, 72].

9.4.3 Cellular Repair

Autologous chondrocyte implantation (ACI) is usually a
multi-step procedure, initially harvesting a sample of the
patient’s own cartilage cells, then growing them in vitro as a
cell culture or embedded in a collagen scaffolding (the later
for third generation, matrix-assisted chondrocyte transplan-
tation, M-ACI), and finally implanting them into the original
debrided defect during a second operation. In first-generation
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Fig. 9.8 Osteochondral autograft for medial femoral condyle chondral
defect in a 26-year-old man. (a) Coronal T1-weighted image from MR
arthrogram shows complete incorporation of osseous (asterisk) and
cartilage (arrow) portions of graft. (b) On sagittal T2-weighted image,

ACI, the cultured cells are injected under a periosteal or
similar membrane that is sewn over the lesion. For M-ACI a
plug of the new cells together with the ancillary supporting
tissues are shaped to fit the lesion [66]. Reported outcomes
are similar to those for microfracture and osteochondral
grafting at 2 years and equivalent or better than microfrac-
ture at 5 years [76, 77].

Postoperatively the transplanted cells are initially hyper-
intense compared to native hyaline cartilage and then begin
to normalize at approximately 1 year [65]. Complete filling
of the chondral defect is expected after first-generation ACI
[78]. Lesions can appear initially underfilled with M-ACI,
which improves over time (Fig. 9.9). Graft hypertrophy may
be symptomatic and require debridement [66, 69]. Most
findings on conventional MRI sequences (including lesion
underfilling, bone marrow edema for up to 3 years, and the
signal intensity of the transplanted tissue) do not necessarily
correlate with clinical outcomes [69, 79]. First-generation
procedures can fail by sudden delamination of the covering
membrane with or without the underlying cells. Delamination
typically occurs in the first few months and appears as a
fluid-filled cleft beneath the graft [66]. Adhesions develop in
5-10% of patients and may cause knee stiffness; on MRI
adhesions may be difficult to appreciate but appear as rela-
tively low-signal-intensity intra-articular bands extending to
the graft [80].

harvest site in lateral femoral trochlea is nearly refilled with bone (black
arow). Thin layer of high-signal-intensity fibrocartilage (white arrow)
covers the donor site

5
=

Fig.9.9 Trochlear cartilage defect in a 34-year-old man managed with
matrix-assisted autologous chondrocyte implantation. Sagittal proton-
density-weighted image 14 months postoperatively shows implanted
cartilage slightly underfilling defect (white arrow). Thin strands of
tissue extending to articular surface (black arrow) may represent small
adhesions
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9.5 Postoperative MRI of the Shoulder
Shoulder arthroscopy is one of the most commonly per-
formed arthroscopic procedures. Most radiologists are famil-
iar with the interpretation of preoperative shoulder MRI as it
is one of the most commonly performed joint MRI examina-
tions. However, when interpreting postoperative shoulder
MRISs, certain factors must be considered given the associ-
ated alterations in anatomy and signal intensity of tissues.

The following chapter will focus on postoperative MRI of
the shoulder following rotator cuff surgery, labral/instability
surgery, and long head biceps tendon surgery, some of the
most commonly performed arthroscopic procedures of the
shoulder.

9.6 MRITechnique

In most cases, routine MR sequences can be used in imag-
ing of the postoperative shoulder. However, gradient
recalled echo (GRE) sequences may be distorted due to
susceptibility artifact depending on the type of surgery and
materials used. As such, these sequences are often less use-
ful in imaging the postoperative shoulder. In addition, if
there is inhomogeneous fat suppression, frequency-selec-
tive fat suppression can be replaced with metal artifact
reduction sequences or STIR sequences to achieve more
homogeneous fat suppression (Fig. 9.10). Following rotator
cuff repair surgery, conventional non-arthrographic proto-

Fig. 9.10 Coronal oblique fat-saturated proton-density (FS PD)-
weighted image (left, arrows) demonstrates inhomogeneous fat
suppression and susceptibility artifact adjacent to a screw after rotator

cols are usually sufficient. Following labral or instability
surgery, and in cases of equivocal results following non-
arthrographic MRI following rotator cuff surgery, direct
MR arthrography or CT arthrography can be used. Finally,
in the setting of instability surgery, imaging in the ABER
position may prove beneficial.

9.7 Imaging Following Rotator

Cuff Repair

As in most fields of arthroscopy, the indications and tech-
niques for arthroscopic surgery for rotator cuff pathology con-
tinue to evolve. The most common procedures include rotator
cuff repair and rotator cuff debridement, with the latter being
performed in the setting of partial-thickness tears. When a
rotator cuff repair is performed, the rotator cuff tendon or ten-
dons are fixated to the greater tuberosity of the humerus with
the use of screws, anchors, and/or sutures. Depending on the
morphology and concomitant pathology of the acromiocla-
vicular joint, acromioplasty and/or distal clavicular resection
(Mumford procedure) may also be performed.

9.7.1 Normal MRI Findings After Rotator

Cuff Repair

When only debridement has been performed for small
articular surface partial-thickness tears, postoperative MR

cuff repair. Coronal oblique short tau inversion recovery (STIR) image
(right, arrow) in the same patient on the same day demonstrated minimal
artifact and excellent homogenous fat suppression
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Fig.9.11 Coronal oblique PD-weighted image demonstrates a smooth
articular surface defect (arrow) along the undersurface of the
supraspinatus following debridement of a small articular surface tear.
Note that the defect is wider than deep, a common finding following
debridement/shaving

imaging may have an appearance which is quite similar to
if not identical to a small partial-thickness articular sur-
face tear (Fig. 9.11). In these instances, it is imperative to
know the size and location of the original tear and the
extent of debridement. It has been reported that the region
of debridement may show a defect that is wider than it is
deep [81]. However, this is not always clearly evident at
MRI. In general, the role of postoperative imaging in
these settings is to assess for complications of the debride-
ment or extension of the tear into a larger partial-thick-
ness tear or full-thickness tear.

When a rotator cuff repair is performed, the resulting
repair may not be watertight. As such, a small usually ver-
tically oriented cleft of fluid (or contrast in the setting of
direct MR arthrography) traversing the tendon and com-
municating with the subacromial-subdeltoid bursa may be
present and may represent a small normal postoperative
finding (Fig. 9.12) [82]. Within the greater tuberosity, a
small amount of edema-like signal near the anchors may
persist for months following surgery [83]. If an acromio-
plasty was performed, there will be flattening of the
undersurface of the acromion, diminution of the size of
the acromion, and, in more extensive acromioplasties and
Mumford procedures, widening of the acromioclavicular
joint.

Fig.9.12 Sagittal oblique T1-weighted image from direct MR arthro-
gram demonstrates a thin vertical full-thickness cleft (arrow) following
rotator cuff repair. This can be a normal finding as the repairs are often
not watertight

9.7.2 Abnormal MRI Findings After Rotator
Cuff Repair

Abnormal findings following rotator cuff repair include a
discreet gap within the tendon, tendon retraction, and new
regions of tendon delamination (Fig. 9.13). Occasionally, a
recurrent tendon tear may be masked due to fibrous tissue
and scarring filling the tendon gap (Fig. 9.14) [84]. If there is
new or worsening atrophy of the rotator cuff muscles, the
integrity of the tendon repair should again be closely scruti-
nized to assess for recurrent tear. In these instances, close
attention should be paid to the location of the myotendinous
junction. Typically, the myotendinous junction of the supra-
spinatus will be medially displaced and closer to the superior
glenoid rim. This can be a secondary sign of a recurrent ten-
don tear with retraction.

Less common complications following rotator cuff sur-
gery include dislodged or displaced sutures, anchors and
screws, deltoid dehiscence following acromioplasty, and,
rarely, chondrolysis and septic arthritis.

9.8 Imaging Following Superior Labral

Surgery

Depending on the location and configuration of labral tears,
labral debridement or labral repair may be performed.
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Fig. 9.13 Coronal oblique FS PD-weighted image demonstrates a
recurrent full-thickness tear of the supraspinatus with retraction (arrow)
and a fluid-filled gap

Fig.9.14 Coronal oblique T2-weighted image demonstrates intermedi-
ate signal scarring/fibrosis (arrow) filling the gap at the site of a recurrent
supraspinatus tear. Another clue to the presence of a tear with retraction
is the medial displacement of the myotendinous junction of the supraspi-
natus (arrowheads) nearly to the level of the glenoid

Fig. 9.15 Coronal oblique T1-weighted image from direct MR arthro-
gram shows a normal small smooth cleft (arrow) partially undercutting
the superior labrum after SLAP repair. The labral repair was intact at
second look arthroscopy

In the superior labrum, degenerative fraying and degen-
erative tearing are commonly found in middle-aged and
older patients. If there is no associated extension of the labral
tearing into the proximal portion of the tendon of the long
head biceps brachii and if there is no significant instability of
the origin of the long head biceps, these are often treated
with simple debridement and shaving of the frayed portion
of the labrum. If there is significant extension of the tear into
the biceps tendon and/or associated instability of the origin
of the biceps tendon (biceps anchor), then a superior labral
repair may be performed.

9.8.1 Normal MRI Findings After Superior

Labral Surgery

If only shaving and debridement of the labrum are per-
formed, postoperative MR imaging may demonstrate
increased signal within the superior labrum, often indistin-
guishable from the original preoperative MRI if minimal
debridement was performed. With more extensive debride-
ment and shaving, the postoperative superior labrum may
appear blunted or truncated [85]. If a superior labral tear is
repaired, a persistent cleft undercutting the labrum may be
present on postoperative imaging (Fig. 9.15) [86].



9 Postoperative Knee and Shoulder

133

Fig. 9.16 Coronal oblique FS T1-weighted image from direct MR
arthrogram demonstrates a recurrent SLAP tear with contrast undercut-
ting the entire thickness of the labrum in an irregular fashion (arrow)

9.8.2 Abnormal MRI Findings After Superior
Labral Surgery

Differentiating residual cleft from a residual or recurrent tear
can be challenging. In order to make a confident diagnosis of
aresidual or recurrent superior labral tear, high signal should
be clearly seen extending to and through the base of the
labrum and/or involving a portion of the labrum which was
normal on preoperative imaging (Fig. 9.16). If conventional
MR is inconclusive, MR arthrography can be performed to
better assess the status of the postoperative superior labrum.
Imaging in slightly exaggerated external rotation will put
additional traction on the biceps tendon and thus make supe-
rior labral tears more conspicuous [87].

9.9 Imaging Following Instability Surgery

Tears of the anterior inferior labrum are typically seen in the
setting of anterior shoulder instability. These are the so-
called Bankart lesions and their associated variants. The goal
of arthroscopic surgery is to recreate the “bumper” of the
labrum along the glenoid rim, thereby reducing the chance of
humeral head displacement over the edge of the rim and
resultant humeral head subluxation or dislocation. Depending
on the size and configuration of the original Bankart lesion

Fig. 9.17 Axial FS T1-weighted image from direct MR arthrogram
demonstrates a normal postoperative globular anterior inferior labrum
(arrow) following soft tissue Bankart repair. Note how the anterior
glenoid “bumper” has been restored, and no contrast is seen undercutting
the labrum

and the presence or absence of associated involvement of the
osseous glenoid rim, operative techniques may be limited to
a soft tissue repair/reconstruction including a capsular shift
versus associated osseous repair/augmentation including
bone grafting or a Latarjet procedure whereby a portion of
the coracoid is transferred to the glenoid rim for osseous
augmentation.

If there is a large Hill-Sachs lesion, this may be elevated/
reduced or augmented with a remplissage technique.

9.9.1 Normal MRI Findings After

Instability Surgery

If a soft tissue Bankart repair has been performed, postopera-
tive imaging should show restoration of the anterior inferior
bumper along the glenoid rim. This can be low to intermedi-
ate signal intensity but should be clearly visible as a labral-
like structure along the osseous rim, although it often has a
more rounded appearance (Fig. 9.17). Imaging in the ABER
position is highly recommended following Bankart repair to
assess for small nondisplaced recurrent tears [88].

If an osseous Bankart repair has been performed, whether
with reattachment of the bone fragment, augmentation with
bone graft, or a Laterjet procedure, a prominent anterior infe-
rior glenoid rim should be present with or without associated
overlying soft tissue depending on the repair technique.
Again, the goal of the repair is to re-create a prominence or
bumper along the anterior inferior glenoid rim to prevent the
humeral head from dislocating out of the concave portion of
the glenoid.
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Fig. 9.18 Axial T1-weighted image from direct MR arthrogram dem-
onstrates a failed Bankart repair with a missing antero-inferior labrum
(arrow) and lack of the “bumper” along the glenoid rim. Note artifact
from prior repair (arrowhead)

9.9.2 Abnormal MRI Findings After
Instability Surgery

Abnormal findings following instability surgery include
absence of the soft tissue prominence along the anterior infe-
rior glenoid rim (bumper), detachment of the labrum or
labro-ligamentous complex, and detachment or displace-
ment or failure or consolidation/union of the osseous aug-
mentation (Fig. 9.18). In addition, if there has been
over-tightening of the anterior capsule, the shoulder may be
prone to posterior subluxation or dislocation, thereby result-
ing in a posterior labral tear. The use of direct MR arthrogra-
phy and imaging in the ABER position are often preferred as
they better delineate the intra-articular structures and help in
the detection of subtle nondisplaced anterior inferior labro-
ligamentous tears (Fig. 9.19) [89].

9.10 Imaging After Biceps Tenotomy

and Tenodesis

Pathology of the intra-articular portion and, to a lesser
degree, the extra-articular portion of the tendon of the long
head biceps brachii is commonly seen when imaging the
shoulder. In many cases, it is an incidental finding in patients
with rotator cuff pathology. However, symptomatic biceps

Fig. 9.19 Oblique coronal FS T1-weighted image in the ABER posi-
tion from direct MR arthrogram demonstrates a recurrent tear of the
antero-inferior labrum (arrow) following a Bankart repair

tendonopathy either in isolation or in combination with rota-
tor cuff pathology or labral pathology, particularly superior
labral pathology, may undergo surgical treatment. In
advanced cases of symptomatic tendonopathy, a biceps
tenotomy, with or without tenodesis, may be performed.
When tenotomy alone is performed, the tendon is allowed to
retract distally into the upper arm. The short head of the
biceps ensures at least partial maintenance of the function of
the biceps brachii. If tenodesis is performed, the tendon of
the long head of the biceps is secured to the proximal humeral
diaphysis with a screw or other fixation device.

9.10.1 Normal MRI Findings After Biceps
Tenotomy and Tenodesis

When biceps tenotomy is performed, the tendon of the long
head of the biceps is severed at its origin along the superior
aspect of the glenoid (the supra-glenoid tubercle) at its junc-
tion with the superior labrum. If there is concomitant supe-
rior labral pathology, that is also addressed in the form of
repair or shaving. At MRI, the tendon of the long head of the
biceps will not be visible within the glenohumeral joint. No
significant tendon stump should be visible along the superior
glenoid rim. Depending on the degree of distal retraction, a
portion of the tendon may or may not be visible within the
bicipital groove. If a tenodesis has been performed, the actual
point of fixation of the tendon onto the humeral diaphysis
may be below the level of the axial images and thus may only
be seen on the oblique coronal and oblique sagittal images.
Depending on the fixation device used, the actual point of
tenodesis may be difficult to appreciate unless there is
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Fig. 9.20 Sagittal oblique FS Tl-weighted image from direct MR
arthrogram demonstrated a dislodged interference screw (arrow)
following biceps tenodesis

susceptibility artifact. If an interference screw has been used,
the screw may be slightly “proud” and protrude beyond the
cortex of the humerus. This is a normal finding [90].

9.10.2 Abnormal MRI Findings After Biceps
Tenotomy and Tenodesis

Complications specific to biceps tenotomy are rare since it is
a straightforward procedure that merely involves releasing
the tendon origin. Rarely, a residual stump is present along
the glenoid rim and appears as a small protuberance of low
signal tissue at the origin of the tendon. If a tenodesis has
been performed, the most common anatomical complication
is dislodgement of the interference screw and/or detachment/
failure at the fixation site (Fig. 9.20) [91]. As mentioned
above, a slightly proud interference screw is a normal find-
ing. However, significant protuberance or dislodgement is
abnormal. Rarely, intra-osseous ganglia may form, similar to
ganglia that may form in the tibial tunnel following anterior
cruciate ligament repair.

9.11 Concluding Remarks

Interpretation of postoperative MRI of the knee and shoulder
can be challenging due to the variety of surgical techniques.
Detailed knowledge of the original lesion, surgical technique
employed, time since surgery, and potential postoperative
complications is critical to the proper interpretation of the
imaging findings. Following most types of knee surgery,
rotator cuff surgery and biceps tendon surgery, high-quality

non-arthrographic MRI is usually sufficient. Following
meniscal repair, shoulder instability surgery, and possibly
SLAP repair, direct MR arthrography (with ABER position-
ing in the shoulder) should be considered.

Take Home Message

e Detailed knowledge of the original lesion, surgical
technique employed, time since surgery, and poten-
tial postoperative complications is critical to the
proper interpretation of postoperative MRIs of the
knee and shoulder.
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Learning Objectives

* To gain knowledge and understanding of what clini-
cians want to know from imaging of soft tissue,
bone, and bone marrow tumors.

e To understand how the key imaging features of
tumors impact their diagnosis, staging, and treat-
ment options.

e To illustrate examples of report templates for the
comprehensive and clear reporting of imaging stud-
ies obtained for evaluation of soft tissue, bone, and
bone marrow tumors.

10.1 Introduction

The function of imaging in the setting of a soft tissue, bone,
or bone marrow tumor hinges on the capacity to accurately
characterize, localize, and quantitate the abnormality. A radi-
ologist’s interpretation and reporting of these key imaging
findings allow for a differential diagnosis, can add specificity
and confidence in diagnosis, and allow for a determination
regarding the need for biopsy and a shared platform from
which the clinical team and patient can discuss further diag-
nostic management and an initial treatment plan. In addition,
the appropriate characterization of a tumor can often provide
insight into the potential staging of the tumor and guide the
need for additional imaging prior to biopsy.
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Adult tumors of soft tissue, bone, and bone marrow
encompass a broad range of histopathologies with varying
immunohistochemical and molecular properties, but the
tenets of imaging for these tumors and their value to clini-
cians and patients are consistent regardless of tumor type.
Demonstrating an understanding of the relevance and influ-
ence of the patient’s history and addressing the important
imaging features of a tumor in a consistent and concise man-
ner in the radiology report elevate the perceived worth of the
radiologist’s input into patient care. In this chapter, we focus
on magnetic resonance imaging (MRI) findings and provide
guidance on what clinicians want to know and how to report
this information using a clear and uniform approach.

10.2 SoftTissue Tumors

Although the majority of soft tissue tumors (STT) are benign,
the morbidity and mortality associated with soft tissue sar-
coma (STS) are significant and warrant that radiologists have
a fundamental knowledge of their imaging presentations and
treatment methods and goals. Radiographs, ultrasound, com-
puted tomography (CT), and positron emission tomography
(PET)/CT can all often provide useful information for dif-
ferential diagnosis of a STT. The purpose of radiographs for
the evaluation of STT is often underestimated, but they can
provide highly valuable information, such as the identifica-
tion and characterization of associated mineralization and
osseous lesion origin and the identification of underlying
cortical involvement, which can influence the differential
diagnosis. Therefore, radiographs should be routinely per-
formed during the workup of STT and are an appropriate
initial imaging study. For superficial STT, either radiographs
or ultrasound is appropriate initially [1]. If the STT requires
further characterization after radiographic or ultrasound
evaluation, MRI is the imaging technique of choice [2—4] as
it often allows for a limited differential diagnosis. For exam-
ple, the most common myxoid lesions, soft tissue myxoma,
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myxoid liposarcoma, and myxofibrosarcoma (Fig. 10.1), can
usually be distinguished by their imaging characteristics in
the vast majority of cases on MRI [5-7]. An understanding
of the relevance of the MRI features favoring a benign versus
malignant diagnosis is paramount to making a determination
of radiology-pathology concordance or discordance and
making appropriate recommendations for next steps in man-
agement. For STS in particular, the key MRI features that
help predict its behavior and potentially impact surgical
management are the tumor’s anatomical site (intramuscular,
intermuscular, subcutaneous, intraarticular, extensive/multi-
focal), size, depth, margin, and morphological/enhancement
complexity. Specific locations can also improve diagnostic
accuracy, such as deep to the scapular tip for elastofibroma
and hand/foot for fibromatosis. Reporting of associated
inflammatory edema-like signal or hemorrhage in the sur-
rounding soft tissues or associated fascial enhancement
extending from the tumor (fascial tails) is also crucial
because these areas can contain tumor cells and needs to be
addressed in the treatment plan to maximize local control.
Several recent studies have incorporated the numerous

Key Point

* Knowledge of the key imaging features that predict
tumor behavior is critical to providing a compre-
hensive imaging report.

elemental constituents of these key MRI features into MRI
radiomics models in an effort to better grade [8] and stage [9]
STS as well as predict specific histopathology [4], treatment
response [10], and overall survival [11]. Therefore, each of
these key MRI features should be specifically described in
the radiology report. Of note, in the setting of an aggressive-
appearing or otherwise indeterminate STT, it behooves radi-
ologists, particularly those practicing outside the tertiary
care setting, to clearly and specifically recommend in the
final impression of the imaging report that the patient be
referred to an orthopedic oncologist prior to biopsy. An

example of a structured MRI report for a soft tissue sarcoma
is provided in Fig. 10.2.

In addition to an appreciation of the importance of the key
MRI features, an understanding of the staging methods for STS
is relevant. The most commonly used staging system for almost
all histological subtypes of STS is the American Joint
Committee on Cancer (AJCC) staging system [12], which
incorporates extent of tumor (T), lymph node status (N), pres-
ence of metastasis (M), and tumor grade (G). In the most recent
8th edition of the AJCC staging system published in 2017 [13],
the anatomical site of STS became a more relevant staging
parameter, with different staging systems now employed based
on whether the STS is located in the trunk/extremity, retroperi-
toneum, head and neck, or thoracic/abdominal visceral organs
[12, 13]. In the musculoskeletal radiology realm, we are pri-
marily involved in the assessment of STS of the trunk/extrem-
ity, so specific knowledge of the staging system for this
anatomical site is useful. The tumor grade in the AJCC staging
system is based on the French Federation of Cancer Centers
(FNCLCC) grading system, which includes tumor differentia-
tion, presence of necrosis, and mitotic count in its analysis.
Radiologists can provide insight on the histological grade of a
STS by identifying and reporting necrosis during image inter-
pretation and including areas of necrosis within biopsy speci-
mens. Of note, a few aspects of the AJCC trunk/extremity
staging system are controversial, including the designation of
regional nodal metastasis as stage IV disease, the exclusion of
tumor depth as an independent prognostic factor, and the divi-
sion of tumors greater than 10 cm into two separate T catego-
ries rather than just one category (T3, >10 cm < 15 cm; T4,
>15 cm) [14]. Given these controversies and the broad non-
uniformity in STS types and behaviors, tumor genomics likely
plays a greater role, if not a central role, in future prognostica-
tion. In the interim, clinicians rely on clinical examination and
the information gleaned from the MRI interpretation to plan
treatment.

The mainstay of treatment for STS is wide surgical resec-
tion with the primary goal being a balance between achiev-
ing local control and preserving patient function. Additional
MRI features that are essential to report in an effort to help
surgeons best achieve this balance, particularly in the setting

Fig. 10.1 Examples of common pathologically proven myxoid lesions
on MRI. Coronal T1-weighted (a), coronal T2-weighted fat-saturated
(b), and coronal T1-weighted fat-saturated post-contrast (¢) MR images
of the proximal right thigh demonstrating a <5 cm circumscribed intra-
muscular mass with homogeneous T1 signal isointense to muscle and a
thin rim of perilesional fat (arrowheads in a), homogeneous extremely
bright T2 signal with perilesional edema at the superior and inferior
margins (arrows in b), and whorl-like areas of mild enhancement inter-
nally. There is no enhancement extending away from the mass. These
MRI features are most compatible with a soft tissue myxoma.
Coronal T1-weighted (d), coronal T2-weighted fat-saturated (e), and

»
»

coronal T1-weighted fat-saturated post-contrast (f) MR images of the
proximal right thigh demonstrating a >5 cm fat-containing heteroge-
neous mass with irregular perilesional edema and enhancement. These
MRI features are most compatible with a myxoid liposarcoma.
Coronal T1-weighted (g), coronal T2-weighted fat-saturated (h), and
coronal T1-weighted fat-saturated post-contrast (i) MR images of the
proximal right thigh demonstrating a >5 cm heterogeneous mass avid
irregular peripheral enhancement, central necrosis, and irregular perile-
sional edema and enhancement. These MRI features are most com-
patible with a myxofibrosarcoma
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Fig. 10.1 (continued)

of an aggressive-appearing STT, are the presence or absence
of muscular compartmental breaching, neurovascular
involvement (Fig. 10.3), organ invasion, or bone invasion.
This information often dictates the treatment plan, including
whether to pursue neoadjuvant therapies prior to resection or
to proceed with primary surgical intervention. In the case of
neurovascular or organ involvement, the orthopedic oncol-

ogy team requires operative assistance by other surgical spe-
cialties. Furthermore, if the STT is situated within an
anatomically complex region such as the pelvis, the need for
three-dimensional (3D) printing for surgical planning can be
anticipated.

Another crucial element to the report which often receives
less attention from radiologists is a description of the
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EXAM: MRI [ANATOMICAL SITE] WO + W/CON

Technique: Multiplanar multisequence MR imaging of the [anatomical site] was performed before and after the
uneventful intravenous administration of [x] mL [contrast agent].

History: xx-year-old man/woman presented to an outside physician 1 month ago for evaluation of a slowly enlarging
painless mass at the anterior aspect of the [anatomical site] which was first noticed approximately 2 years ago.
Outside ultrasound demonstrated a solid vascular mass that was reported as worrisome for malignancy. The patient

has no other health concerns.

Comparisons: Radiographs of the [anatomical site] obtained earlier today.

FINDINGS:

Mass characteristics:

Location:
Anatomical site:

Tissue depth/location (subcutaneous,fascial,intra-/intermuscular,intraarticular, multifocal):

Size:

Margin (circumscribed/irregular):

Morphology and T1/T2 signal characteristics:

Enhancement characteristics (avid/heterogeneous/central/peripheral):

Most aggressive portion for biopsy target:

Necrosis (None vs <50% vs >50%):

Radiographic appearance (mineralization/cortical involvement):

Sonographic appearance (solid vs cystic/echogenicity/vascularity):

Status of surrounding tissues:

Edema (peritumoral/fascial):
Hemorrhage:
Neurovascular involvement:
Bone involvement:

Other:

Other findings:
Staging information:

Longest diameter of tumor (T):

Lymph node (L): may be unknown at time of MRI; report expected date of staging CT

Metastasis (M): may be unknown at time of MRI; report expected date of staging CT

Necrosis:

FINAL IMPRESSION:

Fig. 10.2 Example of a structured MRI report for soft tissue sarcoma

patient’s history. Accurately and thoroughly addressing the
patient’s history relevant to the STT directly in the report,
particularly in the setting of treated soft tissue sarcoma, gives
the referring clinician and the patient confidence in the care
that the radiologist is providing. For example, if the patient
has a history of an undifferentiated pleomorphic sarcoma,
specifically reporting in chronological order the date of ini-
tial biopsy diagnosis, the histologic grade, the incorporation

of radiation with dates of initiation and conclusion and total
dosage, the incorporation of chemotherapy, and the date of
any surgeries, whether non-oncologic or oncologic is
extremely helpful for bringing together a common language
for all involved in the patient’s care. Also, a key piece of
information that should be sought when interpreting follow-
up MRI after STS resection is the surgical margin status as it
is the primary influence on risk of local recurrence [15].
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Fig. 10.3 A 36-year-old man with osteosarcoma of the right ilium.
Coronal T2-weighted fat-saturated image of the pelvis demonstrates the
large primary tumor with invasion into the right hip joint (skinny
arrows), a right external iliac lymph node metastasis (arrowheads), and
tumor thrombus in the right common iliac vein (fat arrows)

Fortunately, much of this information is now available in the
electronic medical record. Other alternatives to obtaining
this information could be providing a questionnaire to the
patient at the time of check-in for imaging or contacting the
patient directly.

Key Point

e Inclusion of a detailed patient history in the imag-
ing report confirms to the patient and the other
members of the healthcare team the investment of
the radiologist in helping maximize patient care and
outcome.

10.3 Bone Tumors

Similar principles guiding the imaging reporting of STT can
be applied to bone tumors. Although radiographs are highly
valuable in the setting of a STT even when negative, in the
setting of extremity bone tumors, accurate characterization of
an extremity bone tumor relies heavily on the radiographic
appearance. Therefore, radiographs in at least two orthogonal
planes are imperative and should be employed as the initial
imaging modality. Given that the location of a bone lesion in
combination with the patient age allows for a limited differ-
ential of two or three diagnoses in most cases, the radio-

graphic report should initially include a clear description of
the specific location within the bone, whether epiphyseal,
metaphyseal, or diaphyseal and whether intramedullary, cor-
tical, or surface. Other key features to analyze and report are
the size, zone of transition (narrow or wide), pattern of bone
destruction (geographic, moth-eaten, permeative), periosteal
reaction (aggressive or nonaggressive), and internal charac-
teristics of the lesion (lucent/lytic, sclerotic, mixed, osteoid/
chondroid matrix). For indeterminate or aggressive-appearing
lesions, it is vital to also report on the status of the cortex and
soft tissues and assess for risk of pathologic fracture.

Key Point

e Radiographic evaluation of a bone tumor is impera-
tive. MRI interpretation of a bone lesion without
comparison to the corresponding radiographs raises
the risk of misdiagnosis and mistreatment.

When radiographs confirm the presence of an aggressive
or indeterminate bone lesion in the extremity or pelvis, the
modality of choice for further imaging evaluation is MRI,
which should be protocoled to include sequences of the
entire compartment with the associated proximal and distal
joints [16]. Of note, the corresponding radiographs should
always be reviewed concurrently during the MRI interpreta-
tion, and this direct correlation should be stated in the report.
For non-extremity bone lesions, CT is typically used as the
primary imaging modality [16], but MRI is also advanta-
geous as a subsequent test as it can better define tissue planes
between tumor and surrounding structures. The same fea-
tures of the lesion described radiographically should simi-
larly be addressed in the MRI and/or CT report. Additionally,
the morphological/enhancement complexity can be better
defined with these advanced modalities. Other highly impor-
tant potential findings to identify and describe include phy-
seal transgression, articular invasion, and soft tissue/organ/
neurovascular involvement (Fig. 10.3). Each of these fea-
tures has implications for diagnosis, staging, biopsy plan-
ning, and treatment planning. Therefore, as stated above for
STT, radiologists in a non-tertiary care setting can best serve
their patients by clearly and specifically recommending in
the final impression of the report a referral to an orthopedic
oncologist prior to biopsy.

Key Point

e Patients with high-risk musculoskeletal tumors
should only undergo biopsy following consultation
with the treating orthopedic oncologist.
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Similar to STS, there are controversies surrounding the
available staging systems for bone sarcoma, which include
the AJCC 8th edition, Musculoskeletal Tumor Society, and
Vanderbilt staging systems. In particular, these staging sys-
tems have variable accuracies for predicting overall survival
in the three most common types of primary bone sarcoma,
which are osteosarcoma, Ewing sarcoma, and chondrosar-
coma [17, 18]. However, radiologists can benefit from the
knowledge that histologic grade and the presence and loca-
tion of metastatic disease are key factors for staging in all of
these lesions. Although combining these three most common
bone sarcoma types into one staging system simplifies the
clinical approach, it may be a disservice to patients who
would more likely benefit from individualized prognostic
information. Therefore, a greater focus on tumor-type spe-
cific genomics is expected to play more of a role in the stag-
ing of bone sarcomas in the future. As radiologists, keeping

EXAM: MRI [ANATOMICAL SITE] WO + W/CON

up to date as the staging systems for these tumors evolve
over time is important to maintain a common multidisci-
plinary language.

MRI or CT reports obtained for evaluation of a bone
tumor need to include a thorough description of all relevant
patient history associated with the bone tumor, particu-
larly in the post-treatment setting. For example, the general
treatment strategies for osteosarcoma and Ewing sarcoma
incorporate both neoadjuvant and adjuvant chemotherapy,
but radiation is usually reserved for anatomical locations
where complete surgical resection is difficult or impossible
[16]. Therefore, the knowledge that a patient with osteosar-
coma or Ewing sarcoma was treated with radiation is help-
ful in that it alerts the radiologist to the potential of a higher
risk of local recurrence. An example of a structured report
template for bone sarcoma following treatment is provided
in Fig. 10.4.

Technique: Multiplanar multisequence MR imaging of the [anatomical site] was performed before and after the
uneventful intravenous administration of [x] mL [contrast agent].

History: xx-year-old man/woman with history of grade 2 chondrosarcoma of the [anatomical site] initially diagnosed
on [date] from CT guided biopsy specimen. The patient was treated with

wide oncologic resection on [date], resulting in wide negative margins > 3 cm. Immediate reconstruction was
achieved with allograft prosthetic composite, tendon reconstruction, myocutaneous flap, and skin grafting. This is
the patient’s 41" follow-up MRI (performed every 6 months) with no evidence of tumor recurrence in the interval

since surgery.

Comparisons: Initial pre-treatment radiographs from [date] and initial pre-treatment MRI from [date]. Multiple other
post-treatment radiographs and MRI examinations were also compared, the most recent from [date].

FINDINGS:

Nodular signal abnormality/enhancement: None. There is no evidence of

local tumor recurrence.

Postoperative change:

Prostheses/Fixation:
Myocutaneous flap:
Fluid collection:

Postradiation change:

Subcutaneous tissues:
Muscle:
Bone marrow:

Other findings:

Lymph nodes:
Neurovascular structures:
Myotendinous structures:
Joint findings:

FINAL IMPRESSION:

Fig. 10.4 Example of a structured MRI report for post-treatment follow-up of bone sarcoma
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10.4 Bone Marrow Tumors

Primary bone marrow tumors (BMT) include myeloma, leu-
kemia, and lymphoma. Radiographs, CT, PET/CT, and MRI
are all used in the evaluation of these tumors. As with bone
tumors, radiographs are the most appropriate initial imaging
test when the clinical presentation is that of localized unre-
mitting atraumatic bone pain. However, if the clinical
presentation of a BMT is instead based on laboratory abnor-
malities, the historical practice of using skeletal survey for
initial evaluation is now considered suboptimal. Currently,
low-dose CT, PET/CT, or whole-body MRI are considered
acceptable initial imaging modalities today. The primary
advantages of low-dose CT are that it is more sensitive than
skeletal survey and has short acquisition time and wide avail-
ability. However, CT relies on the presence of trabecular and/
or cortical destruction for detection of focal disease [19].
PET/CT can also detect focal bone lesions and has been used
for assessment of treatment response and for monitoring, but
its sensitivity is lower than that of MRI. Comparatively,
whole-body MRI with diffusion weighted imaging is the
most sensitive for BMT and allows for the earliest detection
of focal disease in the form of cellular infiltration, even
before trabecular or cortical destruction [19]. Unfortunately,
there remain barriers to whole-body MR’s wide implementa-
tion into routine clinical practice due to its cost, acquisition
time, and challenges with billing and reimbursement [20]. If
whole-body MRI is not available, MRI of the spine and pel-
vis is considered a suitable alternative [19].

When assessing BMT with imaging, the key elements of
disease to report are the disease distribution (focal or dif-
fuse), associated soft tissue components, nodal/organ
involvement, and the presence of fracture or predicted frac-
ture risk. In regard to focal disease, the International
Myeloma Working Group has provided guidance on size
measurements using thresholds of 5 and 10 mm. For lesions
<5 mm, documentation of the abnormality is recommended
to facilitate continued surveillance, but an exact measure-
ment is not necessary. Lesions that are >5 mm but <10 mm
should be interpreted as unequivocally active myeloma, but
again an exact measurement is not necessary [19]. Focal
lesions larger than 10 mm should be reported with associ-
ated measurements. If the imaging findings are instead
indicative of diffuse disease, this should be identified in the
report. In addition, analysis of burden of disease in the pos-
teromedial aspects of the ilia, which are the most com-
monly used sites for bone marrow aspiration and biopsy,
would be helpful to ensure optimal tissue sampling of the
most abnormal area or to suggest an alternate site. Reporting
of ADC values is also recommended, but only for lesions
where diffusion weighted imaging demonstrates water sig-
nal. Radiologists can benefit their referring clinicians and
patients by following the structured reporting recommen-

dations provided by the Myeloma Response Assessment
and Diagnosis System (MY-RADS), which was created
under the guidance of the International Myeloma Working
Group and the National Institute for Clinical Excellence in
the United Kingdom [19]. Although a similar system has
not been specifically devised for other BMT such as leuke-
mia or lymphoma, a similar approach to image analysis and
reporting is recommended.

Key Point

e The use of structured reporting in the setting of
myeloma allows for clear and consistent communi-
cation between the radiologist and other members
of the healthcare team.

10.5 Concluding Remarks

In this review, we have highlighted what clinicians want to
know from the imaging of soft tissue, bone, and bone mar-
row tumors and how the key imaging features influence their
diagnosis, staging, and treatment. We have stressed the
importance and value of providing a detailed patient history
in the imaging report and of explicitly stating the need for
referral to an orthopedic oncologist if a sarcoma is suspected.
An accurate and quality imaging report that demonstrates
investment in the patient’s care can elevate the perceived
worth of radiologists to the healthcare team.

Take Home Messages

e Clearly and consistently report the key imaging fea-
tures that may impact the diagnosis, staging, and
treatment of soft tissue, bone, and bone marrow
tumors.

* Provide a detailed patient history regarding the
tumor in the imaging report.

* Do not hesitate to recommend referral to an ortho-
pedic oncologist in the final impression of the report
if an aggressive tumor is suspected.
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Learning Objectives

e To understand the most common arthritides seen in
clinical practice and have an overview of their
pathophysiology.

e To develop a logical and systematic approach to
the assessment of arthritides using conventional
radiographs.

e To understand the characteristic features of com-
mon arthritides seen on imaging.

e To recognize the role advanced imaging modalities
play in the diagnosis and management of common
arthritides.

11.1  Overview of Arthritis

A wide variety of conditions affect the joints of the body, but
for this chapter we will focus on the most common condi-
tions seen and their imaging features. We will look at arthri-
tides in three main categories: osteoarthritis, inflammatory
arthritides (rheumatoid arthritis and spondyloarthritis), and
crystal arthritides.

11.1.1 Osteoarthritis

Osteoarthritis (OA) is the most common arthritis encoun-
tered and is seen in the majority of people at some stage
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in their lives. Despite being so common, its etiology is
still poorly understood and the subject of considerable
research, much of it involving imaging studies. The dis-
ease can be considered to arise primarily from a failure
of the normal transmission of forces across a joint. This
may come about through trauma to bones or ligaments or
through altered ability of the tissues of the joint to trans-
mit forces, for instance, alterations in the composition of
cartilage in ochronosis or ligaments in some collagen dis-
orders. However, OA has a complex etiology with multiple
factors playing a part including genetics, race and ethnic-
ity, obesity, age, and gender.

The term primary generalized OA refers to OA when it
occurs without an apparent underlying cause. This is more
common in women and carries a genetic predisposition. It
most typically affects the hands, thumb bases, hips, knees,
and first metatarsophalangeal joints in the feet. In contrast,
secondary OA describes cases where an underlying cause
exists. A wide variety of causes are recognized, but the
radiological features at any joint may be identical to those
of primary generalized OA (Table 11.1). It is important
to realize that OA can co-exist with other forms of joint
disease.

Table 11.1 Causes of secondary osteoarthritis [1]

Acute

Chronic repetitive
Hemochromatosis
Wilson’s disease
Ochronosis

Acromegaly
Hypothyroidism
Hyperparathyroidism
Diabetes mellitus
Calcium pyrophosphate deposition disease
Gout

Rheumatoid arthritis
Paget’s disease

Bone and joint dysplasia

Trauma

Systemic/metabolic

Endocrine

Other forms of arthritis

Other
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Erosive OA represents a subset of OA characterized by
prominent inflammatory features including destructive joint
changes in the form of osseous erosions. While large joint
disease may rarely be seen with this form of OA, it typical
affects only the distal and proximal interphalangeal joints of
the hands. There may be clues to the inflammatory nature of
the disease from the clinical assessment, but the diagnosis
of erosive OA 1is based on the imaging findings. Erosive OA
primarily occurs in postmenopausal women.

11.1.2 Rheumatoid Arthritis

Rheumatoid arthritis (RA) is an example of an inflamma-
tory arthritis associated with joint inflammation character-
ized by synovitis. Extra-articular inflammation, including
tenosynovitis, soft tissue (rheumatoid) nodules, and mul-
tisystem involvement outside the musculoskeletal system
(such as rheumatoid lung disease) may also be seen. This
autoimmune condition is mediated through inflammatory
pathways, and its treatment has changed greatly in recent
years with the advent of disease-modifying anti-rheumatic
drugs (DMARDs) based on biologic therapies. These can
induce remission and prevent the severe joint destruction
that was commonly seen prior to their introduction. To
achieve such remission, DMARDs need to be introduced
early in the treatment pathway before structural joint dam-
age occurs. This has led to an increased role for advanced
imaging modalities such as MRI and ultrasound, both
for earlier diagnosis and for monitoring the response to
treatment.

Joint damage, including cartilage loss and osseous ero-
sion, is thought to be mediated through synovitis; there is
strong evidence that synovitis is a predictor of future joint
structural damage [2]. The diagnosis of RA is based on clini-
cal findings, along with laboratory assessment (inflammatory
and immunological markers) and radiological assessment. It
is recognized that both ultrasound and MRI are more sensi-
tive than clinical assessment for identifying synovitis [3].

RA is more common in women and typically begins in the
small joints in the hands and feet, usually with a fairly sym-
metrical distribution. Large joint involvement is seen later in
the disease.

11.1.3 Spondyloarthritis

The spondyloarthritides are a group of inflammatory arthri-
tides which share certain common features. One of the most
characteristic features of these diseases is the presence of
inflammatory change at entheses, the sites where tendons
and ligaments insert on to the bone. These diseases are also
characterized by:

* Axial skeleton and typically sacroiliac joint (SIJ) involve-
ment (sacroiliitis).

e Presence of the human leukocyte antigen B27 (HLA-
B27), although the presence of this histocompatibility
antigen is not a pre-requisite for diagnosis of these
conditions.

e Absence of serum rheumatoid factor.

Like RA, these diseases are increasingly treated aggres-
sively with biological DMARDs to achieve remission and
prevent structural joint damage. This means early diagno-
sis is important, and given the propensity for spinal and SIJ
involvement, this frequently includes MRI. While synovi-
tis is a feature of these diseases, osteitis identified as bone
edema-like signal is typically the earliest imaging finding.
Diagnosis of spondyloarthritis is based on specific criteria,
and MRI now forms a component of the diagnostic path-
way as outlined in the Assessment of Spondyloarthritis
International Society (ASAS) classification criteria for axial
spondyloarthritis [4] (Table 11.2).

Four diseases are generally considered under the heading
of spondyloarthritis (SpA). However, it is important to rec-
ognize that it is often not possible to classify a patient as hav-
ing a specific type of SpA despite clear clinical criteria for a
diagnosis of SpA being present. These patients form a large
subgroup referred to as “undifferentiated spondyloarthritis.”
Some of these patients may go on to develop more specific
features allowing them to be reclassified.

11.1.3.1 Ankylosing Spondylitis (AS)

Ankylosing spondylitis is a multisystem disease which
characteristically affects the axial skeleton and typically
presents with inflammatory back pain. Sacroiliitis is a char-
acteristic feature of the disease and is typically bilateral and
symmetrical. This is frequently seen in association with spi-
nal involvement. Peripheral joint involvement is present in

Table 11.2 Criteria for the diagnosis of spondyloarthritis (SpA) [4]

Imaging pathway  Clinical pathway SpA features
Sacroiliitis on HLA B27 positive — Inflammatory back
imaging pain
— MRI or — Dactylitis
radiograph
— Enthesitis
One or more SpA  Two or more other — Family history of
features — From SpA features — From SpA
column 3 column 3
— Good NSAID
response
— Uveitis
— Psoriasis
— IBD
— HLA B27 positive
— Elevated CRP
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up to 30% of patients; the hip followed by the shoulder is
the most common peripheral joint involved [5]. Unchecked,
the disease will progress to joint ankylosis and spinal fusion.

11.1.3.2 Psoriatic Arthritis (PsA)
There is a complicated relationship between cutaneous
psoriasis and arthritis, including an increased incidence of
seropositive RA in patients with psoriasis. However, the
association is strongest if RA is not considered, at which
point 20% of patients with seronegative arthritis will be
found to have psoriasis [6]. In patients with psoriasis, the
presence of nail involvement is a significant risk factor for
developing arthritis.

Five typical subgroups of patients with PsA can be
identified:

— An erosive arthritis affecting distal interphalangeal (DIP)
joints in an asymmetrical distribution often seen with
dactylitis

— An arthritis which is similar to RA

— An oligoarthritis involving any of the synovial joints with
an asymmetrical distribution

— A pattern of disease involving the axial skeleton and large
joints resembling AS

— A severely destructive arthritis typically involving the
small joints of the hands and feet (arthritis mutilans)

11.1.3.3 Reactive Arthritis

Reactive arthritis is typically triggered by an extra-
articular infection (most commonly gastrointestinal or
genitourinary) and usually manifests as an asymmetrical
arthritis involving joints of the lower limb and the axial
skeleton. Appearances resemble those of PsA, except axial
involvement is less common and upper limb involvement
is extremely unusual. It is classically associated with soft
tissue inflammation in the form of urethritis, conjunctivi-
tis, and mucocutaneous lesions in the oropharynx, tongue,
glans penis, and skin.

11.1.3.4 Enteropathy-Associated Arthritis

Arthritis is associated with inflammatory bowel disorders,
most commonly Crohn’s disease and less frequently ulcer-
ative colitis. It occurs infrequently in other inflammatory
gastrointestinal disorders such as celiac disease and primary
biliary cirrhosis. Typically, the associated arthritis closely
resembles AS, with sacroiliitis and spinal involvement.
Peripheral joint disease is uncommon, although patients may
experience transient arthritis comprising joint effusion and
synovitis in the peripheral joints. These often occur during
flare up of the inflammatory bowel disease.

11.1.4 Metabolic Joint Disease

Gout and calcium pyrophosphate dihydrate-related arthritis
are both associated with the deposition of crystals in and
around joints.

11.1.4.1 Gout

Gout is a condition associated with the buildup of uric acid
in the body (hyperuricemia) that gives rise to intense joint
inflammation with the potential to progress to an extremely
destructive arthritis. Although any synovial joint can be
involved, the disease has a particular propensity for the
first metatarsophalangeal joints. The sodium urate crystals
formed in a state of hyperuricemia characteristically deposit
in the synovial membranes, joint fluid, tendon sheaths,
bursae, subcutaneous tissues, and kidneys. Asymptomatic
hyperuricemia is reported in around 19% of individuals in
the USA and UK with only a small percentage of these going
on to develop clinical gout [7]. Uric acid is an end product of
purine metabolism, and hyperuricemia results from reduced
renal excretion of urate or, less commonly, its increased pro-
duction. A complicated interaction of multiple factors deter-
mines a person’s propensity for developing gout, including
genetic, racial, and dietary characteristics. Comorbidities
also predispose to gout, including renal impairment and fail-
ure, cardiovascular disease, obesity, and diabetes. Gout is
much more common in men than women, although the inci-
dence among women increases following menopause. Gout
usually initially presents as an acute intermittent inflamma-
tory arthritis giving rise to severe pain, erythema, and swell-
ing of the affected joint. Similar presentations may be seen
in tendon sheaths and bursae. Aspiration of the affected joint
will allow the identification of urate crystals under the micro-
scope. This is frequently undertaken in the workup of this
disease as septic arthritis is an important differential diag-
nosis. Between episodes of acute gout attacks (which may
be triggered by trauma or other factors), the patient usually
becomes asymptomatic.

Longer-term gout sufferers may go on to develop a
chronic arthritis where the symptoms fail to settle between
attacks. There is chronic deposition of sodium urate crys-
tals in the joint and soft tissues (including tendons) leading
to joint effusion, synovitis, and destructive changes in the
form of erosions. Although small joints of the hands and feet
are most commonly affected, large joint involvement is fre-
quently seen, particularly in the knees and ankles. A char-
acteristic feature of chronic gout is the development of soft
tissue deposits know as tophi presenting as soft tissue masses
most commonly seen in the hands and feet and on the exten-
sor surfaces of the elbows and knees. Tendon deposition is
also seen with the development of tendon nodules.
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11.1.4.2 Calcium Pyrophosphate Dihydrate
(CPPD) Deposition Disease

CPPD deposition disease is most commonly seen in the mid-
dle aged and elderly. Many people identified as having CPPD
crystal deposition in joints will be asymptomatic. Deposition
of CPPD crystals occurs in hyaline cartilage, fibrocartilage,
synovium, and ligaments. If the crystals are then shed into
the joint, an acute attack of inflammatory arthritis which
resembles acute gout can develop, known as pseudogout.
This is a clinical diagnosis which can be confirmed by iden-
tification of the crystals on microscopy in a joint aspirate. A
second more chronic pattern of joint disease which resem-
bles OA on imaging is also recognized, although this too
can have inflammatory features [8]. Aging forms the main
risk factor for CPPD arthritis, but there are associations with
metabolic conditions including hemochromatosis, Wilson’s
disease, hyperparathyroidism, hypomagnesemia, and hypo-
phosphatasia [8].

It is important to recognize that the presence of chondro-
calcinosis itself does not imply a diagnosis of CPPD arthrop-
athy and an absence of chondrocalcinosis does not rule out
the diagnosis.

11.2 Imaging in Arthritis

11.2.1 Conventional Radiography

Conventional radiographs remain fundamental to the diag-
nosis of joint disease, and an understanding of the typical
appearances of different arthritides on the radiograph is vital
to the diagnosis of these conditions. A review of the radio-
graph requires attention to be paid to:

* The joint space between bones

e The soft tissues around the joint

e The appearance of the bones forming the articulation
e The alignment of the bones at the joint

e The distribution of the disease

11.2.1.1 Joint Space

Joint space narrowing is an important feature of many arthri-
tides, resulting from loss of the radiolucent cartilage which
normally provides the gap seen between the bones on the

radiograph. It is helpful to identify the pattern of joint space
loss, in particular whether it is even across the whole of the
joint (symmetrical) or just involves part of the visualized
joint space (asymmetrical). Inflammatory arthritides tend
to show joint space loss which is uniform across the joint,
while OA shows a more uneven pattern of joint space loss
(Fig. 11.1).

Just as valuable is the identification of arthritides such
as gout and PsA, where joint space is preserved even where
joint damage is significant. In some cases, arthritis will lead
to ankylosis of the joint and complete loss of joint space.
This is a characteristic feature of the spondyloarthritides.

11.2.1.2 Soft Tissues
Soft tissue swelling is an early feature of disease in the inflam-
matory arthritides and may be due to synovitis, joint effusion,
and/or soft tissue edema. Soft tissue swelling is also a feature
of gout as a result of tophus formation around the joint. The
radiographic appearance of tophi is much more irregular and
“lumpy” than the swelling associated with synovitis or effu-
sion that causes capsular distention (Fig. 11.2).

In addition to swelling, calcifications may be observed
in the soft tissue around the joint (for instance, in cases of
CPPD), with or without the presence of chondrocalcinosis.

11.2.1.3 Bones
A variety of changes may be seen in the bones at articula-
tions affected by arthritis. These include change in bone
density (sclerosis or osteopenia), cyst formation, and bone
erosion. New bone formation can also occur in the form of
osteophyte, enthesophyte, and periosteal reaction.
Osteophytes are the hallmark of OA and represent new
bone forming around the site of the cartilage degeneration
associated with this disease. Osteophytes are most com-
monly found at the margins of joints, although central osteo-
phytes occurring within the joint space are also recognized
(Fig. 11.3). Enthesophytes are a feature of enthesitis and,
in contrast to osteophytes, have a finer wispier appearance.
Periosteal new bone (periostitis) may be seen in patients with
spondyloarthritis, particularly in association with the periph-
eral joint disease seen in PsA and reactive arthritis.
Subchondral sclerosis and cyst formation are typical
features of OA but may also be seen in association with
inflammatory and metabolic arthritides. Cysts are often
prominent in patients with CPPD arthropathy (Fig. 11.4).
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Fig. 11.1 (a) Osteoarthritis, showing superior joint space loss associ-
ated with subchondral cyst formation and sclerosis (arrow). Note also
the bone proliferation along the medial femoral neck, known as but-
tressing (arrowheads). (b) Osteoarthritis, showing medial joint space
loss with subchondral sclerosis (arrow). Prominent osteophytes are

seen at the margins of the articular cartilage (arrowheads). (c)
Rheumatoid arthritis, showing more uniform narrowing of joint space
(arrows). Note also the absence of subchondral cyst and sclerosis and
the large erosion (asterisk)
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Fig. 11.2 Great toe (a) and hand (b), showing typical radiographic
features of gout. Note the irregular soft tissue swelling (arrowheads)
and punched out erosions, some of which occur more remotely from the

Juxta-articular osteopenia is a feature of some arthritides
such as RA but can be challenging to identify, particularly
if there is extensive joint involvement and if normal joints
for comparison are not visible on the radiograph. Gout,
spondylarthritis, and OA typically show preservation of
bone density.

Bone erosion is a well-recognized feature of the inflam-
matory arthritides. On conventional radiographs, erosive
change can be subtle, and care must be taken not to miss the
earliest features of erosion.

11.2.1.4 Joint Alignment

Joint malalignment resulting from arthritis has a variety
of causes and usually represents a late feature of the dis-
ease. Besides resulting from bone and cartilage loss, joint
malalignment may also result from tendon and ligament dis-
ruption and dysfunction.

11.2.1.5 Distribution of Joint Disease
When reviewing hand and foot radiographs in a patient
with peripheral arthritis, the pattern of joint involvement

joint (arrows). Despite the destructive changes, joint spaces are well
preserved

is an invaluable clue to the underlying nature of the arthri-
tis. Certain arthritides have a predilection for certain joints.
Some of the more commonly observed patterns of joint
involvement are illustrated in Fig. 11.5.

11.2.2 CT

CT shows similar features in joint disease to conventional
radiographs. However, its ability to image bone in fine detail
and its cross-sectional and multiplanar capabilities make it
more sensitive than radiographs and other cross-sectional
imaging techniques for the identification of erosive change.
This is particularly true for deep-lying joints with complex
3D anatomy and those joints not aligned to the standard
planes viewed in radiography such as the sacroiliac joints
(Fig. 11.6). Despite these advantages CT is less commonly
used clinically in arthritis imaging, as both MRI and ultra-
sound are also more sensitive than radiographs for identify-
ing erosive change and offer other advantages in their ability
to assess joint disease.
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Fig. 11.3 Osteoarthritis of the hip. In addition to the superior joint
space loss and subchondral sclerosis, there is central osteophyte
(arrow). This is causing lateral subluxation and exposure of the femoral
head (dotted arrow)

In recent years, dual energy CT has become increasingly
available and has found a particular use in the assessment of
patients with gout. The ability of this technique to identify
urate deposits in joints and soft tissues with high specificity
has made it valuable in clinical practice for diagnosing gout
non-invasively [9]. This technique is also able to quantify the
volume of urate deposits and therefore shows promise for
assessing response to treatment [10].

11.2.3 Ultrasound

The ready availability of ultrasound and its ability to assess
multiple joints in a relatively short time frame, along with its
dynamic capabilities, ability to guide diagnostic and thera-
peutic injection/aspiration, and high level of acceptability
to patients make it an excellent modality for assessing joint
disease [11]. However, ultrasound does have disadvantages:

1. Its assessment of bone is confined to the cortical surface,
so while erosions, osteophytes, and enthesophytes are
visualized, subchondral cysts and sclerosis and bone
inflammation (osteitis) are not demonstrated.

] ....~

!.
y'

) R AATRN 4
m}.’i‘.&'n A"-:.i.;ﬁ'.ll ey

Fig. 11.4 Calcium pyrophosphate crystal arthropathy. In addition to
affecting DIP joints, there is MCP (arrowheads) and wrist involvement
with prominent cystic change. There is chondrocalcinosis and synovial/
ligamentous calcification seen in the proximal wrist joint (arrows).
Osteophyte formation is minimal, and the distribution involving MCP
joints is typical. Scapholunate dissociation is also evident, a feature of
CPPD arthropathy at the wrist

2. Because ultrasound cannot “see” through bone, its ability
to assess the interior of a joint is limited to those parts of
the joint in the sonographic window, and views of internal
joint structures such as articular cartilage and menisci are
limited.

3. Deeper joints, such as the sacroiliac joints, allow only
very limited assessment, and access to parts of some
joints (for instance, parts of some MCP and MTP joints)
is limited by the anatomy.

Ultrasound readily identifies features of inflammatory
arthritis such as erosion, synovitis, and effusion and can also
assess the presence of osteophytes and enthesophytes. It can
also be useful for assessing extra-articular disease such as
soft tissue rheumatoid nodules, gout tophi, and tendon and
tenosynovial disease. While not usually used to assess articu-
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Fig. 11.5 Typical patterns of typical joint involvement in the hand in different arthritides. (a) Osteoarthritis, (b) rheumatoid arthritis, (¢) psoriatic
arthritis, (d) calcium p/yrophosphate deposition arthropathy
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Fig. 11.6 Axial CT. Both
sacroiliac joints (arrows)
show subchondral erosions
and sclerosis typical for
chronic sacroiliitis

Fig. 11.7 Index metacarpal joint in a patient with synovitis due to
rheumatoid arthritis. Longitudinal ultrasound of the dorsum of the joint.
M, metacarpal head; P, proximal phalangeal base. The B-mode image

lar cartilage in OA and inflammatory arthritides, ultrasound
can provide useful information relating to the crystal arthriti-
des, which will be discussed in Sect. 11.3.

11.2.3.1 Synovitis and Effusion

Ultrasound has been shown to be more sensitive than clinical
assessment and radiographs for assessing synovitis (soft tissue
swelling) and is comparable to MRI [12]. Synovitis appears as
hypoechoic intra-articular material that is non-displaceable and
may exhibit Doppler signal (Fig. 11.7) [13]. While the degree
of Doppler signal detected is variable, its presence, along with
the non-compressibility of synovitis, is a useful feature to dis-
tinguish synovium from joint fluid on ultrasound. The extent of
blood flow in the synovium detected by ultrasound provides a
measure of disease activity in the inflammatory arthritides, and
several scoring systems have been described [14].

11.2.3.2 Erosion

Erosions are identified on ultrasound as a discontinuity of the
bone surface, but it is important that these are identified in
two planes to avoid confusion with normal surface contours

on the left demonstrates hypoechoic synovitis in the joint bulging the
dorsal joint capsule (arrowheads). The synovitis shows marked vascu-
larity demonstrated on the power Doppler duplex image on the right

[13, 14]. While ultrasound has superior ability to conven-
tional radiographs in assessing the presence of erosions [15],
it has disadvantages to other cross-sectional techniques as
not all parts of a joint necessarily fall within the sonographic
window (for instance, the radial and ulnar aspects of the mid-
dle finger metacarpophalangeal joint). This means that MRI
is arguably more sensitive to erosive change.

11.2.3.3 Other Bone Changes

Both osteophytes and enthesophytes appear as bone out-
growths on ultrasound. Enthesophytes appear finer com-
pared to the generally coarse nature of osteophytes.
However, the distinction is ultimately dependent on the
clinical context along with the location of an enthesophyte
relative to an enthesis and the presence of other features
of enthesitis, such as thickening and low-reflective change
in the inserting tendon or ligament, and associated erosive
change [13, 14]. Increased Doppler signal can be seen at
sites of active enthesitis. Ultrasound does appear more sen-
sitive than radiographs for the detection of osteophytes in
the hands and feet [16, 17].
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11.2.3.4 Extra-Articular Soft Tissue Features
Tenosynovitis appears as hypoechoic or anechoic thickened
tissue with or without fluid in the tendon sheath and is read-
ily identified on ultrasound [13]. Ultrasound can also dem-
onstrate tendon rupture and may even show an osteophyte or
bone prominence causing tendon attrition. Enthesitis is associ-
ated with thickening of inserting tendons and ligaments along
with hypoechogenicity and loss of the normal echotexture.
Vascularity may also be identified within and around the insert-
ing soft tissue structure at sites of enthesitis on Doppler imaging.

Rheumatoid nodules appear as hypoechoic mass lesions
often with a well-defined hypo- to anechoic center represent-
ing necrosis [18]. Gout tophi can appear very poorly defined
on ultrasound but are usually hyperechoic, often with a
hypoechoic rim (Fig. 11.8). Depending on their composition,
especially the presence or absence of calcification, they may
also show posterior acoustic shadowing.

11.2.4 MRI

The role of MRI has been increasing in recent years as evi-
dence has grown for its role in the diagnosis and assessment

Fig. 11.8 Longitudinal ultrasound showing gout tophus with typical
hyperechogenicity and a lower reflective rim. Bright echogenic foci
representing crystal aggregates are seen within the tophus

of arthritides, particularly the inflammatory arthritides. As
highlighted in Sect. 11.1.3, MRI now plays a fundamental
role in the diagnosis and management of patients with sus-
pected axial spondyloarthritis. Like ultrasound, MRI is sen-
sitive to the assessment of synovitis and erosions and can
identify osteophytes and extra-articular disease manifesta-
tions. However, MRI also enables an assessment of articu-
lar cartilage and the subchondral and medullary bone. MRI
techniques have been integral to research that has provided a
much greater understanding of the pathophysiology of many
arthritides. Despite the many advantages of MRI, there are
disadvantages such as cost, and MRI may be contraindicated
in some patients, for instance, patients with some types of
implantable devices. Other recognized weaknesses include:

1. Itis very time-consuming to image multiple joints. While
multiple joints can be scanned in a single examination
with whole-body MRI, this necessitates an acceptance of
decreased resolution.

2. To reliably assess synovitis, the administration of intrave-
nous gadolinium contrast is normally required.

3. Patient tolerance can be poor.

The identification of both synovitis and erosions usually
requires assessment in two planes, both to confirm location
and to ensure that the abnormality is not due to partial vol-
ume averaging or a normal anatomical feature. It is often
helpful, particularly with small joint disease, to employ 3D
sequences with isotropic resolution to permit multiplanar
reconstruction. When serial imaging over time is employed,
the added ability to reconstruct also makes it easier to com-
pare timepoints if imaging has not been acquired in precisely
the same plane.

11.2.4.1 Synovitis

Synovitis on MRI is defined by the Outcome Measures
in Rheumatology (OMERACT) as an area in the synovial
compartment that shows above normal post-gadolinium
enhancement of a thickness greater than the width of normal
synovium [19]. This recognizes that normal synovium may
show some enhancement and indeed implies that synovium
may be seen in a normal joint, but in practice the distinc-
tion between synovium and synovitis is rarely difficult [20].
While the use of gadolinium complicates the examination,
current thinking is that gadolinium contrast is required, par-
ticularly for distinguishing synovitis from effusion. In addi-
tion, the rate of gadolinium uptake by the synovium can also
provide useful information as it relates to disease activity in
both inflammatory arthritides and OA and may even play
a role in distinguishing between different types of arthritis
[21-24]. However, research into imaging techniques which
allow accurate assessment of synovitis without the use of
contrast medium is still ongoing.
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11.2.4.2 Erosion and Structural Bone Changes
Erosions are readily shown on MRI as sharply marginated
bone lesions visible in at least two planes with a cortical
break seen in at least one plane [19]. The OMERACT defi-
nition also specifies that the erosion shows “typical signal
characteristics,” which in practice usually means a loss of
the normal high signal from the marrow on T1-weighted
imaging. Enhancing synovium will be frequently seen in the
erosion on post-gadolinium imaging. MRI is sensitive to ero-
sion detection but may identify erosion like lesions in normal
control subjects, especially in older patients.

Osteophytes are generally well demonstrated on MRI, and
in the hand MRI has been shown to be more sensitive to their
detection than conventional radiographs [25]. Unlike ultra-
sound, MRI is also able to detect osteophytes which occur in
the central portions of the articular space and are associated
with severe cartilage damage (central osteophyte).

The thin and delicate nature of enthesophytes and syndes-
mophytes, frequently occurring without the presence of high
T1 signal bone marrow, can make MRI relatively insensitive
to their presence, particularly because they are usually seen
in association with tendon and ligament and cortical bone,
all of which also appear low signal on conventional MRI
sequences.

11.2.4.3 Bone Marrow Changes

Edema-like signal in the bone marrow is a feature of OA and
inflammatory arthritis and typically appears as high T2 sig-
nal on fat-suppressed imaging (Fig. 11.9). In RA and spon-
dyloarthritis, this appearance represents an inflammatory

Fig. 11.9 Patellofemoral osteoarthritis. Axial intermediate weighted
MRI with fat suppression. There is full-thickness cartilage loss on both
sides of the lateral patellofemoral joint associated with subchondral
bone marrow lesions, showing an edema pattern (arrowheads) sur-
rounding subchondral cyst-like lesions (arrows). A small osteophyte is
also seen (dotted arrow)

process within the bone (osteitis). However, it is evident that
the nature of these lesions in OA is not the same, although
the actual underlying pathophysiology remains poorly
understood and a topic of ongoing research. Subchondral
cysts are also demonstrated by MRI in OA (Fig. 11.9), corre-
sponding to the cysts described on conventional radiographs.
However, even these may not be all that they seem since
studies show they frequently demonstrate full or partial con-
trast enhancement, which would not be expected with pure
fluid-filled cysts [26].

11.2.4.4 Articular Cartilage

The ability of MRI to directly image articular cartilage and
demonstrate cartilage loss and cartilage defects is one of
the great advantages of this modality over other imaging
techniques. Cartilage visualization requires visual contrast
between the cartilage and underlying bone and between the
cartilage and overlying joint fluid. A variety of sequences
may be employed to achieve this, including both gradient
echo and fast spin-echo techniques. An early advantage of
gradient echo (GRE) imaging for articular cartilage visual-
ization was the ability to undertake 3D sequences with high-
resolution thin slices. In recent years, the advent of 3D fast
spin-echo (FSE) sequences has allowed optimized visual
contrast from spin-echo sequences in addition to thin slices
similar to GRE imaging. In clinical practice, FSE proton-
density-weighted images with fat suppression provide accu-
rate depiction of the articular cartilage. Imaging techniques
which provide information about cartilage composition
have now become available and continue to be an area of
research. The object of these sequences is to identify compo-
sitional changes in cartilage at a stage before cartilage dam-
age becomes apparent in the form of morphological change.
These techniques, which include T2 mapping, T1 rho imag-
ing, delayed gadolinium enhanced imaging (DGEMRIC),
sodium imaging, and magnetization transfer contrast-based
techniques, are currently primarily used in the research envi-
ronment and are beyond the scope of this chapter.

11.2.4.5 SoftTissue Features
Like ultrasound, MRI is able to identify tendon and ligament
abnormalities associated with arthropathy, including tendon
rupture, tenosynovitis, and changes within tendons and liga-
ments in association with enthesitis. In cases of enthesitis,
thickening of the inserting tendon with increased intrasubstance
signal on short and long TE sequences becomes apparent.
Tophaceous gout deposits are also shown with MRI,
although their signal characteristics are dependent on their
composition, including the degree of calcification. The
majority of tophi are isointense to muscle on T1 imaging and
intermediate to low signal on proton density and T2 imaging.
Rheumatoid nodules are seen on MRI with variable and non-
specific signal characteristics.
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Key Point

* Conventional radiographs remain fundamental to
the imaging workup of patients with arthritis and
provide valuable information relating to the assess-
ment of joint space, periarticular soft tissues, bone
(including erosions and osteophytes), joint align-
ment, and the distribution of the arthritis. However,
these changes often represent late and irreversible
features of the disease. Because of this, more
advanced imaging modalities are increasingly used
in the investigation of joint disease. In particular,
ultrasound and MRI allow sensitive assessment of
synovitis and erosions, with MRI also able to iden-
tify bone marrow changes including osteitis along
with articular cartilage changes.

11.3 Imaging Findings in Specific

Arthritides
11.3.1 Osteoarthritis

11.3.1.1 Radiographic Appearances

OA shows very characteristic features on conventional radio-
graphs regardless of the joint affected. However, it should
be remembered that the severity of the patient’s symptoms
correlates poorly with the extent of radiographic change in
the joint. Also, OA frequently coexists with other arthritides,
and features of more than one type of arthritis may be seen.
In cases of OA occurring secondary to trauma, features of
the injury may be apparent.

* Joint space: Cartilage thinning and therefore joint space loss
are a feature of OA. Typically, this occurs in an asymmetric
pattern across the joint leading to uneven areas of joint
space loss. This is a helpful discriminator from other causes
of arthropathy. For instance, in the knee, loss of joint space
in one compartment, most commonly the medial femoro-
tibial, will often predominate, and in the hip, joint space loss
will often be limited to the superior or superolateral portion
(Fig. 11.1a). Generally, the degree of joint space loss relates
to the severity of other changes seen.

*  Soft tissues: Synovitis, giving rise to soft tissue swelling,
is variably seen in OA. In the finger joints, clinically
apparent nodules may be due solely to prominent osteo-
phytes, but focal synovial/capsular hyperplasia may
accentuate the soft tissue prominence.

* Bones: Osteophytes are a key feature of OA and represent
new bone generally formed at the joint margins at the
edge of the cartilage. Central osteophytes developing in
the subchondral bone are a less common feature of the

disease. When present, central osteophytes can contribute
to joint malalignment (Fig. 11.3). In the hip, a particularly
characteristic feature of OA is the development of osse-
ous hypertrophy along the inferomedial femoral neck,
known as buttressing (Fig. 11.1a).

Additional features of OA are subchondral cyst forma-
tion and sclerosis. These changes may progress to sub-
chondral collapse and remodeling.

e Alignment: Malalignment of joints is typical in OA, arising
from focal cartilage loss, subchondral collapse, and liga-
mentous dysfunction. In the elderly, reduced proprioception
and muscle tone are also thought to be important factors. At
the knee, joint space narrowing predominating in the medial
femorotibial compartment may lead to varus deformity.

e Joint distribution: In primary OA of the hands, a distal
pattern involving DIP and PIP joints is typical. In the
wrist, OA is usually confined to a “trapeziocentric” distri-
bution involving the scaphotrapeziotrapezoid (STT) joint
and thumb carpometacarpal joint. Large joint involve-
ment typically involves the hips and knees, while in the
feet, the first MTP joint is typically affected. Bilateral OA
may be symmetrical or asymmetrical.

Erosive OA

Erosive OA is usually confined to the hands with a similar dis-
tribution to the pattern of disease seen in generalized primary
OA. While marginal erosions may occur, central erosions in the
subchondral bone are characteristic, giving rise to a “seagull
wing” pattern of erosion (Fig. 11.10). Ankylosis may eventu-
ally occur, a distinguishing feature from non-erosive OA.

Osteoarthritis in the Spine

OA (degenerative disease) of the spine typically occurs in
the cervical and lumbar regions and is associated with disk
degeneration (evident as loss of disk height) and prominent
osteophyte formation. The vertebral endplate will show
irregularity and sclerosis with advancing disease. Typically,
the facet joints (synovial joints) are also involved. OA
changes in the spine lead to ligamentous laxity and interver-
tebral subluxation in the form of anterior or posterior sublux-
ation of a vertebra on its more caudal neighbor (antero- and
retrolisthesis).

11.3.1.2 Advanced Imaging

In clinical practice, imaging of OA is usually confined to
conventional radiography. However, osteophytes, synovitis,
and joint effusion are readily seen on ultrasound and
MRI. MRI also offers additional advantages in being able to
directly assess the articular cartilage and visualize the sub-
chondral bone (Fig. 11.9). In addition to subchondral cysts,
MRI frequently identifies edema-like signal in the subchon-
dral bone. This does not represent true edema, and such foci
are often referred to simply as bone marrow lesions.
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Fig. 11.10 Typical central erosive change with seagull configuration
to the distal phalangeal base in a patient with erosive osteoarthritis

Key Point

* Key radiographic features of OA are uneven (asym-
metric) joint space loss, osteophytes, and subchon-
dral bone changes. Involvement in the hands and
wrists is typically seen at DIP and PIP joints and at
the thumb base. Erosive OA is associated with cen-
tral joint erosion.

11.3.2 Rheumatoid Arthritis

11.3.2.1 Radiographic Appearances

* Joint space: Joint space narrowing in RA tends to be more
uniform than in OA as cartilage loss is evenly spread
across the joint (Fig. 11.1c). It should be noted that joint
space loss does not always precede bone erosion.

e Soft tissues: Soft tissue swelling at joints is an early fea-
ture of rheumatoid arthritis. At MCP and PIP joints in the

hands, this is seen as smooth fusiform swelling about the
joints. Swelling as a result of effusion and/or synovitis
may produce a thickened suprapatellar stripe at the knee
or displaced fat pads at the elbow.

* Bones: Another early feature of RA is the development of
periarticular osteopenia (Fig. 11.11). However, its detection
can be very subjective, particularly where multiple joints are
involved and there are no normal joints for comparison.

The erosions seen in RA are typically marginal in loca-
tion, occurring at the edge of the joint where intra-capsular
bone is unprotected by overlying cartilage, the so-called
bare area. Erosions are more commonly seen in the small
joints of the hands, wrists, and feet rather than large joints,
and early sites of erosion are the radial side of the meta-
carpal heads in the hands (especially on the index and
middle metacarpals) and the ulnar aspect of the wrists,
characteristically the ulnar styloid process (Fig. 11.11).
Involvement in the foot is often seen first on the lateral
aspect of the fifth metatarsal head. The earliest evidence
of erosion is seen as subtle discontinuities in the cortex of
the bone with underlying osteopenia, before larger areas
of bone destruction become apparent.

Osteophytes and enthesophytes are not features of RA.

e Alignment: Joint malalignment occurs as a result of ten-
don and ligament dysfunction and erosive change. Ulnar
deviation of the fingers at the MCP joints and radial devi-
ation at the wrist are characteristic. In the fingers, swan
neck (flexion at the DIP and extension at the PIP) and
boutonnicre (extension at the DIP and flexion at the PIP)
deformities are also characteristic.

» Joint distribution: RA typically begins in the peripheral
joints, usually the MCP and PIP joints, the wrists, and the
MTP joints, with a predominantly symmetrical left/right
distribution. This more proximal distribution in the hands
and wrists with sparing of the DIP joints (Fig. 11.5b) is a
useful distinguishing feature compared to OA and
PsA. Large joint involvement is a later feature of RA.

11.3.2.2 Advanced Imaging
Many of the radiographic features of RA, such as erosion and
joint space loss, constitute structural changes to the joint which
are largely irreversible. Effective therapy needs to be com-
menced prior to these occurring, and the use of advanced imag-
ing modalities to detect disease earlier is now commonplace.
Both ultrasound and MRI are routinely used to detect sub-
clinical synovitis in the early stages of RA and to monitor
its response to therapy (Figs. 11.7 and 11.12). Both modali-
ties also detect erosive changes and extra-articular features
of the disease, such as tenosynovitis and rheumatoid nod-
ules (Fig. 11.12). Unique to MRI is its ability to assess the
bone marrow and identify osteitis. The presence of osteitis is
strongly predictive of the development of erosions [27].
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Fig. 11.11 Dorsopalmar
radiograph of both hands in a
patient with rheumatoid
arthritis. There is typical
involvement of the MCP
joints with joint space
narrowing and marginal
erosions, most markedly seen
on the radial side of the
metacarpal heads (arrows).
Subluxation is evident at the
index MCP joints. Note
erosions also seen at the ulnar
styloid processes
(arrowheads). Periarticular
osteopenia is seen at several
sites, for instance, at the fifth
metacarpal bases (dotted
arrows)

Fig. 11.12 Axial MPR of 3D
fat-suppressed spoiled
gradient echo (SPGR) MRI
post-gadolinium, just
proximal to MCP joints in a
patient with rheumatoid
arthritis. There is extensive
enhancing synovitis seen
around the metacarpal heads
(arrows) associated with
erosion in the ring finger
metacarpal head (arrowhead).
Note also enhancing
tenosynovitis around the ring
finger flexor and middle
finger extensor tendons
(dashed arrows)

Key Point

* The radiographic features of RA are characterized by
marginal erosions and joint space narrowing, with
involvement typically seen at the PIP, MCP, and wrist
joints. These features are relatively late findings in the
disease process, and increasingly MRI and ultrasound
are used to detect early abnormalities, including syno-
vitis and osteitis. Both modalities detect erosions with
higher sensitivity than radiographs.

11.3.3 Spondyloarthritides

While PsA and reactive arthritis typically involve the small
joints of the hands and feet, AS more usually involves the
large peripheral joints. However, all of the spondyloarthriti-
des are characterized by frequent axial involvement of the
spine and sacroiliac joints. These conditions also involve
enthesis sites throughout the body.
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11.3.3.1 Radiographic Appearances

e Joint space: Joint space loss is a common feature of
SpA and is characteristically pan-articular as with
RA. However, a feature of SpA is apparent preservation
of or even increase in joint space due to the formation
of fibrous tissue within the joint. For instance, interpha-
langeal joint involvement in PSA can lead to large spaces
between bone ends despite extensive osseous destruction.
In later stages of SpA, joints may progress to ankylosis.

o Soft tissues: Soft tissue swelling is a feature of inflamed
joints in SpA. A particular characteristic of PsA is inflam-
mation of all joints in entire digits in the hands and feet,
with diffuse soft tissue swelling, known as “sausage
digit.” Bursitis at sites of enthesitis, such as the retrocal-
caneal bursa at the Achilles enthesis, along with tendon
thickening may be seen as radiographic soft tissue
swelling.

* Bones: Periarticular osteopenia is not a feature of periph-
eral SpA. However, bone erosion seen in the hands and
feet is typically closely related to ligamentous and capsu-
lar enthesis sites and is associated with fluffy new bone
formation (enthesophyte) (Fig. 11.13). At sites remote
from joints, such as the Achilles tendon and plantar fas-
cial insertions, enthesitis gives rise to similar patterns of
erosion along with fluffy enthesophyte formation. A char-
acteristic finding in the hands and feet of patients with
PsA is the so-called “pencil in cup” appearance, with both

Fig. 11.13 Dorsoplantar radiograph showing the toes in a patient with
psoriatic arthritis. There is erosive change at the base of the distal pha-
lanx of the second toe, associated with fluffy new bone formation
(enthesophyte). Further new bone formation is evident on the lateral
aspect of the phalanx (dashed arrow). There is also early resorption of
the phalangeal tuft (arrowhead)

extensive bone destruction and maintenance or even wid-
ening of apparent joint space. Bone loss may also be seen
to involve the terminal phalangeal tufts, which can be use-
ful in discriminating PsA from erosive OA.

e Alignment: Involvement of the hands and feet in PsA can
result in “arthritis mutilans” with severe resorption of
bone from the digits leading to telescoping of the overly-
ing soft tissues and resulting alignment deformity.

e Joint distribution: Involvement of the small joints of the
hands and feet is typical in PsA. This tends to be distally
distributed with relative sparing of the wrist and MCP
joints until later in the disease (Fig. 11.5c). The absence
of trapeziocentric thumb base involvement is helpful in
distinguishing PsA from OA, which otherwise shows
similar joint distribution. In PsA and reactive arthritis,
involvement of the MTP and interphalangeal joints of the
foot is typical. Conversely, hip and shoulder involvement
is relatively common in AS. In all types of SpA, a careful
review of visualized enthesis sites is helpful to look for
signs of enthesitis (soft tissue swelling, erosion, and fluffy
enthesophytes) remote from the joints themselves.

11.3.3.2 Advanced Imaging

Both ultrasound and MRI have roles in imaging peripheral
SpA with their ability to demonstrate synovitis, tenosynovi-
tis, and articular cartilage. Dactylitis is associated with flexor
tenosynovitis and thickening of the soft tissues, joint effu-
sion, and synovitis on ultrasound, while MRI will also show
bone and soft tissue edema.

The two modalities have a valuable role in the detection
of enthesitis. Both techniques will identify erosive change
and enthesophyte formation at enthesis sites with soft tis-
sue changes of tendon/ligament thickening and signal/echo-
genicity change. Ultrasound may show increased vascularity,
while MRI may show osteitis (bone edema) at enthesis sites.
In large joints, the presence of bone edema at characteristic
enthesis sites on MRI may point to the underlying etiology
of the inflammatory joint changes.

11.3.3.3 Sacroiliitis

Sacroiliitis is evident on conventional radiographs as sub-
chondral sclerosis and erosive change. Erosion may lead
to apparent widening of the joint, but ultimately the natu-
ral history of the disease is progression to ankylosis. CT
is more sensitive to the detection of sacroiliitis than con-
ventional radiographs, but the features seen are similar
(Fig. 11.6). In AS and enteropathic SpA, involvement of
the sacroiliac joints is usually bilateral and fairly symmetri-
cal; this contrasts with sacroiliitis associated with PsA and
reactive arthritis where involvement is often more asym-
metrical. MRI has become fundamental in the diagnosis
and assessment of sacroiliitis. While the erosive findings
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Fig. 11.14 Coronal oblique
STIR image through the
sacroiliac joints in a patient
with acute on chronic
sacroiliitis. In addition to the
subchondral bone edema
(osteitis) seen bilaterally on
both sides of the joint, there is
periarticular soft tissue/
ligamentous edema (arrows).
Erosive change is also evident
(arrowheads)

and subchondral changes seen with radiographs and CT
are evident on MRI, these represent later changes. The ear-
liest feature of sacroiliitis seen on MRI is osteitis in the
subchondral bone, which has become an important fea-
ture in the classification of SpA (Table 11.2) (Fig. 11.14).
However, sacroiliac subchondral bone edema is not specific
to the diagnosis of SpA and is well recognized in healthy
subjects, especially those participating in sports such as
running; it is a prominent feature of infective arthritis. In
chronic sacroiliitis, sites of subchondral bone edema even-
tually become replaced with high T1 signal fat.

11.3.3.4 Spinal Involvement
in Spondyloarthritis

Involvement of the discovertebral unit and the posterior ele-
ments of the vertebral column in patients with SpA may
precede sacroiliac involvement. The early features of spinal
spondyloarthritis are the result of enthesitis, in particular at
the attachment sites of the annulus fibrosus and ligaments.
On conventional radiographs sclerosis becomes evident at
these insertion points, classically seen at the corners of verte-
bral endplates, known as Romanus lesions. Erosive change at
these sites is hard to detect on conventional radiographs, but
associated ossification of the anterior longitudinal ligament
results in a squared off appearance to the anterior vertebral
body. Although these constitute the earliest features seen on
conventional radiographs, they are late features of the dis-
ease. MRI will show bone edema at these same enthesis
sites much earlier, giving rise to a characteristic appearance
of high T2 signal corners to the vertebral bodies on water-
sensitive sagittal imaging (Fig. 11.15). Edema at other sites
of ligamentous insertion may also be apparent, for instance,
at the costovertebral joints and at ligamentous attachments to

the spinous processes (Fig. 11.15). Later in the disease, fat
marrow signal may develop at these enthesis sites similar to
the sacroiliac joints.

Proliferative new bone formation that develops later can
be hard to appreciate on MRI, especially early in its devel-
opment, as the low-signal syndesmophytes contrast poorly
against adjacent bone cortex and ligaments. However, syn-
desmophytes become progressively coarser as the disease
advances and are readily seen on CT and radiographs.
Ultimately, vertebral fusion involving anterior and poste-
rior elements may result in the characteristic appearance
of a “bamboo spine.” While the syndesmophyte formation
seen in AS and enteropathic spondylitis typically has a fine
appearance and involves the spine at each level in a symmet-
rical distribution, the bone proliferation in PsA and reactive
arthritis tends to appear more coarse, with a more asymmet-
rical distribution.

It should be remembered that a fused inflexible spine is
particularly susceptible to fracture and a transverse fracture
through a fused spine is highly unstable and a potentially
catastrophic event.

Key Point

e As with rheumatoid arthritis, the radiographic fea-
tures of axial and peripheral spondyloarthritis are
late findings of the disease. A characteristic finding
of spondyloarthritis is enthesitis including erosive
change and enthesophytes. On MRI this is associ-
ated with osteitis in the subchondral bone at the sac-
roiliac joints and in characteristic entheseal
locations in the spine.
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Fig. 11.15 Sagittal T2 fat-suppressed image of the lower thoracic
and lumbar spine in a patient with ankylosing spondylitis. There are
typical foci of high T2 signal (osteitis) in the anterior corners of the
vertebral bodies (yellow arrows). Note the normal disks helping dis-
tinguish the appearances from reactive (Modic type) endplate change.
There are similar findings in the posterior vertebral bodies more crani-
ally (arrowheads) and in the posterior spinal elements (dashed
arrows). There is also inflammatory edema in the posterior soft tissues
(red arrow)

11.3.4 Metabolic Joint Disease

11.3.4.1 Gout

Gout can be highly destructive, and the conventional radio-
graphic appearances in the later stages of the disease are
very characteristic. However, in the earlier stages of the dis-
ease characterized by acute inflammatory episodes, imaging
abnormalities may only be observed with more advanced
imaging modalities.

Radiographic Appearances

e Joint space: Even in advanced chronic tophaceous gout
with extensive bone erosion, joint space may be main-
tained; this is a useful distinguishing feature from other
forms of arthritis (Fig. 11.2).

o Soft tissues: Urate crystal deposition in chronic topha-
ceous gout leads to irregular and eccentric soft tissue
swelling, a characteristic feature of gout. Tophi some-
times show significantly increased density compared to
the surrounding soft tissues due to the variable deposit of
microcalcifications within the urate deposit, often associ-
ated with renal disease (Fig. 11.2).

* Bones: Loss of normal bone mineral density is not a com-
mon feature of gout. However, bone erosion is frequent in
the chronic stages of the disease. The erosions have a
characteristic round or oval configuration with sclerotic
margins and sharp overhanging edges of bone. Erosions
may be seen centrally, at the joint margin, or at some dis-
tance from the joint, often beneath soft tissue nodules
(Fig. 11.2).

e Alignment: Deformity of joints affected by gout occasion-
ally results from the extensive bone destruction that
accompanies chronic disease, producing a severe mutilat-
ing arthritis.

e Joint distribution: In the majority of cases, the first MTP
joint is initially affected; tarsometatarsal joint and carpo-
metacarpal joint involvement is also common. However,
disease progression leads to involvement of multiple
joints typically with an asymmetrical distribution.
Although any joint can be involved, the elbow, knee, and
ankle are the most common large joints affected. The
joints of the axial skeleton are rarely affected.

Advanced Imaging

Acute presentation of gout, before the chronic manifesta-
tions are apparent, involves synovitis and joint effusion. Both
ultrasound and MRI will demonstrate these features. One
feature of acute gout is the presence of crystal aggregates
or “microtophi” within the synovitis and effusion. On ultra-
sound these can appear as bright reflective foci which may
also be seen in gout tophi (Fig. 11.8). In the effusion, this
a poor discriminator, since this appearance may be caused
by fibrin deposits in rheumatoid arthritis and some types of
septic arthritis including tuberculous arthritis. However, in
the synovium, these fine reflective foci are more suggestive
of acute gout and may even be seen in asymptomatic joints
in patients with known gout [28]. On ultrasound, microag-
gregates may also be seen on the surface of cartilage giving
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rise to the so-called “double contour” sign. Both ultrasound
and MRI are able to demonstrate the soft tissue deposits and
erosions of chronic gout. The characteristic “punched out”
appearance to the erosions seen on radiographs is similar on
these modalities. Gout tophi have an ill-defined, generally
hyperechoic appearance on ultrasound, but this is dependent
on the amount of calcification present (Fig. 11.8). Both ultra-
sound and MRI will also demonstrate gout involvement of
tendons, tendon sheaths, and peritendinous tissues.

Dual energy CT, with its ability to characterize urate crys-
tals in soft tissues, is becoming widely used in clinical prac-
tice, with high sensitivity and specificity.

11.3.4.2 Calcium Pyrophosphate Deposition
Disease

Acute pseudogout is generally a clinical diagnosis supported

by crystal analysis from aspirated fluid. However, as with gout,

MRI and ultrasound will demonstrate effusion and synovitis.

Radiographic Appearances

* Joint space: CPPD arthropathy is associated with joint
space narrowing as cartilage is lost. Calcium pyrophos-
phate deposited in the articular cartilage and, where pres-
ent, fibrocartilage (chondrocalcinosis) will be visible
within the joint (Fig. 11.4). In fibrocartilage, particularly
in the knee menisci, the calcification has a coarse irregu-
lar appearance, while in hyaline cartilage, the calcifica-
tion appears as a thin, linear density paralleling the
subchondral bone margin.

o Soft tissues: CPPD crystal deposition may also be evident
in the synovium and joint capsule. Although less frequent,
ligament and tendon calcifications can occasionally be
seen.

* Bones: The radiographic appearances of CPPD arthropa-
thy resemble those of osteoarthritis, with subchondral
sclerosis, cyst formation, and osteophytosis. However,
characteristic findings include large cysts, often associ-
ated with collapse of the bone in the later stages of the
disease, and less prominent osteophytes than would be
expected for the degree of arthropathy seen (Fig. 11.4).

* Alignment: As with osteoarthritis, joint deformity is largely
the result of subchondral collapse and cartilage loss. At the
wrist, it is not uncommon for ligamentous dysfunction to
lead to scapholunate disassociation (Fig. 11.4).

* Joint distribution: Along with crystal deposition, the
unusual distribution compared to OA is the most charac-
teristic feature of CPPD arthropathy. In particular, involve-
ment of the index and middle MCP joints in the hand is
very typical of CPPD arthropathy, along with radiocarpal
and midcarpal wrist involvement (Fig. 11.5d). At the knee,
a common feature is predominant or even isolated patel-
lofemoral joint involvement. Hemochromatosis-related

arthropathy, which is associated with pyrophosphate
deposition, frequently involves all of the MCP joints and
may be associated with prominent hook-like osteophytes
at the metacarpal heads.

Advanced Imaging

The deposition of pyrophosphate crystals in hyaline car-
tilage, synovium, and joint fluid can be demonstrated on
ultrasound. CPPD crystal deposition in the substance of the
cartilage may be distinguished from urate crystal deposition
on the surface of the cartilage in gout, but the double contour
sign described in gout may also be seen with pyrophosphate
chondral deposition and, despite early reports, seems not to
be specific for gout [29, 30].

On MRI, calcium deposition in fibrocartilage is not
detected because of its similar low signal characteristics.
However, in hyaline cartilage, MRI may sometimes depict
chondrocalcinosis as punctate or linear hypointense signal.

Key Point

e Radiographic features of chronic tophaceous gout
include irregular soft tissue swelling, preservation
of joint space, and characteristic punched out ero-
sions. Ultrasound can demonstrate aggregates of
urate crystals in synovium and on the surface of
articular cartilage. Tophi are readily identified with
MRI and ultrasound. CPPD arthropathy, associated
with chondrocalcinosis and crystal deposition in
synovium and capsular tissues, is characterized by
radiographic appearances similar to OA, but in
atypical locations.

11.4 Concluding Remarks

While recognizing that there are many other causes of joint
disease with characteristic findings, this review has concen-
trated on some of the most common arthritides seen in clini-
cal practice. The fundamental role conventional radiographs
continue to play in the diagnosis and management of these
conditions has been emphasized, and a logical method of
reviewing the radiograph assessing joint space, soft tissues,
bones, alignment, and joint distribution has been suggested.
Increasingly, advanced imaging modalities are playing an
important part in assessing patients with arthritis, with ultra-
sound and MRI both playing roles in identifying early dis-
ease before radiographic findings become apparent. These
advanced imaging modalities continue to contribute to our
understanding of the pathophysiology of joint disease and
enable the early instigation of treatment.
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Take Home Messages

* Conventional radiographs remain fundamental to
the imaging workup of patients with arthritis and
provide valuable information relating to the assess-
ment of joint space, periarticular soft tissues, bone
(including erosions and osteophytes), joint align-
ment, and the distribution of the arthritis.

e Ultrasound and MRI allow sensitive assessment of
synovitis and erosions in rheumatoid arthritis and
the spondyloarthritides, with MRI also able to iden-
tify bone marrow changes including osteitis, along
with articular cartilage changes.

* OA findings of uneven (asymmetric) joint space
loss, osteophytes, and subchondral bone changes
are typically seen at DIP and PIP joints and at the
thumb base, whereas CPPD arthropathy character-
istically involves the index and middle MCP joints
along with radiocarpal and midcarpal wrist
involvement.

* RA is characterized by marginal erosions and joint
space narrowing typically seen at the PIP, MCP, and
wrist joints, whereas spondyloarthritis is character-
ized by erosive change, enthesophytes, and osteitis
at the sacroiliac joints and in characteristic enthe-
seal locations in the spine.

e While gout shows an asymmetric distribution of
irregular and eccentric soft tissue swelling, main-
tained joint space and bone erosions with a charac-
teristic round or oval configuration, and sclerotic
margins with sharp overhanging edges of bone on
conventional radiographs, advanced imaging
modalities, in particular ultrasound and dual energy
CT, have an increasingly important role in charac-
terizing the disease.
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Learning Objectives

e To understand the normal imaging appearance of
bone marrow and bone marrow manifestations of
metabolic and endocrine disorders.

e To understand the limitations of medical imaging in
detecting metabolic bone disorders.

* To understand the imaging findings observed in
symptomatic complications associated with meta-
bolic bone disorders.

12.1 Introduction

All components of the musculoskeletal system can be
involved with metabolic disorders (Table 12.1) as a result of
endocrine diseases, genetic alterations, and environmental or
nutritional aspects, with important worldwide variations in
prevalence and severity. Early detection of these disorders
is crucial because of the efficacy of preventive measures and
availability of treatments. The current chapter will focus
on the imaging appearance of metabolic disorders of bone
marrow and of the mineralized skeleton. Marrow and bone
disorders in athletes, the elderly, and individuals with eating
disorders will be reviewed.
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Table 12.1 Metabolic disorders of the musculoskeletal system

Muscles Sarcopenia, drug-induced myopathies (statins), necrosis
(diabetes mellitus), fat atrophy (steroids)

Tendons  Chondrocalcinosis, hypercholesterolemia,
hyperuricemia, hypervitaminosis A, drug-induced
tendinopathy (quinolones)

Cartilage ~ Chondrocalcinosis, hyperuricemia, recurrent
hemorrhage, hemochromatosis, ochronosis

Synovium Hyperuricemia, amyloidosis

Bone Osteopenia, osteoporosis, rickets, osteomalacia, renal
osteodystrophy, hyperparathyroidism, thyroid
acropachy, acromegaly, drug-induced disorders

Bone Hemosiderosis, marrow aplasia, anemias, serous

marrow atrophy, fatty atrophy, drug-induced disorders

12.2 Metabolic Marrow Disorders

12.2.1 Structure, Function, and Development
of Bone Marrow

The marrow cavity is divided into compartments by bony
trabeculae. There are two types of marrow, red or hematopoi-
etic marrow and yellow or fatty marrow.

Red (hematopoietic) marrow is hematopoietically active
and is composed of various hematopoietic stem cells, lym-
phocytes, and lymphoid nodules, supported by reticulum
cells and fat cells. Red marrow contains approximately 40%
water, 40% fat, and 20% protein [1]. Blood supply is through
centrally located nutrient arteries. Bone marrow lacks lym-
phatic channels [1].

Yellow (fatty) marrow is composed predominantly of
fat and contains approximately 15% water, 80% fat, and
5% protein. Marrow adipose tissue has been increasingly
recognized as an active and dynamic endocrine organ that
responds to changes in nutrition and environmental milieu
and can function as a biomarker for skeletal integrity and
bone strength [2].
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12.2.1.1 Normal Development of Bone Marrow
The normal distribution and MR appearance of bone mar-
row changes with age. It is important to be familiar with the
appearance of bone marrow during aging to be able to deter-
mine whether processes represent a disease or normal varia-
tions of marrow. Bone marrow and related disorders are best
assessed using MRI [3].

12.2.1.2 Red to Yellow Marrow Conversion

At birth, hematopoietic marrow is present throughout the
entire skeleton including the epiphyses. Normal physiologic
conversion of red to yellow marrow occurs in a predictable
fashion. It begins in the hands and feet progressing to the
peripheral (appendicular) and then the central (axial) skel-
eton. In the peripheral skeleton, this process begins in the
epiphyses, followed by the diaphyses, the distal metaphy-
ses, and then the proximal metaphyses. Marrow conversion
is typically complete by 25 years of age. However, residual

red marrow can be present in the metaphyses of long bones
in the adult, and in some cases subchondral red marrow
can be seen in the proximal epiphyses of the humerus and
femur. Although distribution of red marrow varies from per-
son to person, it is usually symmetric in the same person [3]
(Fig. 12.1).

12.2.1.3 Reconversion of Yellow to Red Marrow
Reconversion from yellow to red marrow is triggered by
demand for increased blood cell production and can be seen
in anemia, smoking, obesity, athletes, high altitude, or with
certain treatments. It occurs in the mirror-opposite sequence
of red to yellow marrow conversion. In the axial skeleton,
the proximal metaphyses convert first, followed by the distal
metaphyses, and the diaphyses, while the epiphyses usually
only convert to red marrow in severe cases. The extent of
reconversion depends on the duration and severity of the ini-
tiating cause [3-5] (Fig. 12.1).

Fig. 12.1 Normal appearance of bone marrow. (a) T1-weighted MR
images of the pelvis showing normal physiologic conversion of red
(hematopoietic) to yellow (fatty) marrow. At birth, marrow is red and
diffusely hypointense. During adolescence, physiologic conversion
from red to yellow marrow occurs, involving first the epiphyses and
epiphysis equivalents, such as the greater trochanters, and diaphyses,
while the metaphyses still contain red marrow. In adulthood, there is
nearly complete conversion to fatty marrow. (b) Marrow reconversion
in an athlete. Sagittal T1-weighted and sagittal fat-suppressed

T2-weighted MR images show red marrow in the proximal humeral
metaphysis and the diaphysis. Red marrow is of intermediate signal and
higher in signal than muscle on the T1-weighted image. (¢) Normal
appearance of residual red marrow in the humeral and femoral heads.
The curvilinear subchondral distribution of red marrow involving the
humeral and femoral heads (arrows) is a normal finding. (d) Chemical
shift MR imaging of normal marrow in a woman with obesity showing
red marrow on the in-phase image and normal signal drop on the out-
of-phase image
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Fig. 12.1 (continued)

Key Points

* Normal physiologic conversion of red to yellow
marrow occurs in a predictable fashion starting in
the epiphyses, followed by the diaphysis, and the
metaphyses.

e Residual red marrow can be found in the metaphy-
ses and subchondral location of the epiphyses of the
humeral head and femoral head of adults.

e Marrow reconversion from yellow to red marrow
occurs in the reverse order as does conversion from
red to yellow marrow.

* Although distribution of red marrow varies from
person to person, it is usually symmetric in the
same person.

12.2.2 Magnetic Resonance Imaging of Bone
Marrow

12.2.2.1 Anatomiclmaging

The major determinants of the MRI appearance of bone
marrow are its fat and water content. T1-weighted spin-
echo or fast spin-echo/proton density-weighted sequences
are most suitable to evaluate bone marrow. Bone marrow is
typically hyperintense on T1-weighted images and follows
the signal intensity of subcutaneous fat. On fat-suppressed
or fluid-sensitive sequences (fat-suppressed T2-/proton
density-weighted or short tau inversion recovery (STIR)
sequences) bone marrow signal is hypointense. Red marrow
demonstrates low signal intensity on T1-weighted images,
reflecting its increased water content, and intermediate sig-

nal intensity with progressive T2 weighting. On T1-weighted
images, normal red marrow is equal to or higher in signal
intensity than adjacent muscle or intervertebral disks [1, 3,
4] (Fig. 12.1).

12.2.2.2 Chemical Shift Imaging

Chemical shift imaging also known as water-fat imaging, or
Dixon method, represents a MRI-based method that gener-
ates water and fat images. Separation of water and fat sig-
nal is based on the chemical shift difference between water
and fat resonance frequencies and can provide a quantitative
measurement of the signal fraction of both water and fat [6].
This property is used to develop water and fat images by
emphasizing in-phase or out-of-phase tissue properties, thus
suppressing fat or water signal. Chemical shift imaging can
be used as a problem solver to distinguish between benign
and malignant etiologies of focal bone marrow abnormali-
ties if conventional anatomic MR images are equivalent.
Malignant processes are associated with the replacement of
normal bone marrow resulting in a lack of signal intensity
loss in the opposed-phase images compared to the in-phase
images. Previous studies have calculated a cutoff of 0.75-0.8
for the ratio of opposed-phase signal to the in-phase signal
in order to differentiate between malignant and benign pro-
cesses [6, 7] (Fig. 12.1).

12.2.2.3 Proton MR Spectroscopy

Single-voxel proton magnetic resonance spectroscopy (‘H-
MRS) can provide both quantitative and qualitative infor-
mation of bone marrow and is typically used in research
investigations. Point-resolved spectroscopy (PRESS) and
stimulated echo acquisition mode (STEAM) single-voxel 'H-
MRS pulse sequences can be employed to obtain fat spectra at
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various skeletal sites. The signal within a voxel is divided into
two major peaks, a lipid and a water peak which can be deter-
mined to assess the lipid-to-water ratio or fat fraction of bone
marrow. The amount of marrow adipose tissue by 'H-MRS in
combination with bone mineral density by dual-energy X-ray
absorptiometry has been found to be a biomarker for bone
health and bone strength, being more valuable than either
parameter alone in evaluating skeletal integrity [8, 9].

Key Point

e Normal red marrow demonstrates T1 signal that is
equal to or higher than adjacent muscle or interver-
tebral disks.

12.2.3 Bone Marrow Changes in Athletes

The hematologic responses to physical training are multi-
factorial. Endurance athletes often have expanded plasma
volume and red blood cell mass. Moreover, many endur-
ance athletes have elevated erythropoietin levels, prob-
ably due to hypoxia during exercise. Erythropoietin causes
increased erythropoiesis and elevated red cell mass. Depleted
iron reserves or increased hematopoiesis with elevated
erythropoietin levels and reticulocyte count can contribute to
the development of hematopoietic hyperplasia in this popu-
lation. Hematopoietic bone marrow hyperplasia of the spine

and extremities has been identified on MRI in endurance ath-
letes [4, 5] (Fig. 12.1).

12.2.3.1 Female Athlete Triad

The female athlete triad refers to a constellation of three
clinical entities that are often observed in physically active
girls and women. The female athlete triad involves any
one of the three components: (1) low energy availability
with or without disordered eating, (2) menstrual dysfunc-
tion, and (3) low bone mineral density. Energy availability
directly affects menstrual status, and in turn, energy avail-
ability and menstrual status directly influence bone health
[10, 11]. It is important to identify adolescents who exhibit
subclinical abnormalities of the female athlete triad and
thus allow for early intervention to prevent fractures later in
life. Adolescence is a crucial time of maximal bone accrual
toward attainment of peak bone mass, which is a key deter-
minant of future fracture risk. Processes that affect bone
health in adolescence are likely to be permanent, leading to
increased fracture risk later in life [10].

Imaging findings of the female athlete triad include pau-
city of body fat and high marrow adipose tissue, low bone
mineral density, and impaired bone microarchitecture [12].
Women with the female athlete triad are at high risk for
stress fractures and often have higher MRI grades of stress
injuries compared with eumenorrheic athletes and injuries
being associated with a prolonged time to return to sport [13]
(Fig. 12.2).

Fig. 12.2 MRI of a 19-year-old runner with the female athlete triad
and right-sided hip pain. (a) Coronal T1-weighted MR image of the
pelvis demonstrates paucity of body fat and signal abnormality of the
right femoral neck. (b) Coronal fat-suppressed T2-weighted MR image

shows a stress fracture of the right femoral neck (arrow). (¢) MRI of the
lower leg 6 months after the pelvic MRI demonstrates tibial stress reac-
tion with periosteal and endosteal edema (arrows)
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Fig. 12.2 (continued)

Key Point

* Young female athletes with paucity of body fat and
stress fracture on MRI should be evaluated for the
female athlete triad.

12.2.4 Bone Marrow Changes in Eating
Disorders

Bone marrow can respond to nutritional challenges and
might serve as a biomarker for bone quality. Patients with
anorexia nervosa often develop marrow changes that can
include decreased marrow cellularity with an increase in fat
content or a reduction in both fat and hematopoietic cells
with an increase in extracellular material, rich in hyaluronic
acid, referred to as gelatinous transformation of bone mar-
row or serous atrophy. In cases of undernutrition (phase II of
starvation), body fat can be metabolized with a paradoxical
increase in fatty marrow. Bone marrow is relatively resistant
to lipolysis and metabolism until other available fat depots
have been utilized. During the late phase of starvation (stage
III), marrow fat can be metabolized and replaced by hyal-
uronic acid-rich mucopolysaccharides, leading to gelatinous
transformation or serous atrophy of bone marrow in which
there is a significant decrease in the number and size of adi-
pocytes (“atrophy”) and hematopoietic cells [14].

On MRI, early fat conversion produces increased signal
intensity on T1-weighted images, while late-stage serous
atrophy is characterized by water-like signal intensity
(i.e., decreased signal intensity on Tl-weighted images
and increased signal intensity on T2-weighted images)
[14, 15]. Other etiologies of serous atrophy of bone mar-
row include cachexia, rapid weight loss following bariat-
ric surgery, AIDS, endocrine disorders, and scurvy. Due
to bone weakening, insufficiency fractures are common
but are often obscured on MRI by the signal abnormali-
ties associated with serous atrophy, often requiring radio-
graphs of CT to detect the fracture [14] (Fig. 12.3). Of
note, in a multicenter study examining the MRI appear-
ance of serous atrophy, almost one fourth of cases were
misinterpreted as technical error requiring unnecessary
repeat imaging [14].

Key Points

e Serous atrophy of bone marrow is often associated
with fractures which can be obscured by abnormal
MRI signal, requiring radiographs or CT to identify
fractures.

* The abnormal MRI signal of serous atrophy of bone
marrow is often misinterpreted as technical error
requiring unnecessary repeat imaging.
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Fig. 12.3 Serous atrophy of bone marrow in a woman with anorexia
nervosa referred for MRI of the ankle to rule out stress fracture. (a)
Sagittal T1-weighted MR image shows diffusely hypointense marrow
signal and paucity of subcutaneous fat with similar abnormal hypoin-
tense signal. No signal abnormality to suggest fracture. (b) Sagittal

short tau inversion recovery (STIR) MR image shows diffuse abnormal
hyperintense signal of bone marrow and subcutaneous fat. No findings
to suggest insufficiency fracture. (¢) Radiograph of the ankle demon-
strates calcaneal stress fractures (arrows), which were obscured on the
MRI by the abnormal marrow signal from serous atrophy
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12.3 Metabolic Bone Disorders

12.3.1 Structure, Function, and Development
of Bone

Bone is a specialized connective tissue made up of a matrix
of collagen fibers, mucopolysaccharides, and inorganic crys-
talline mineral matrix (calcium hydroxyapatite) that are dis-
tributed along the length of the collagen fibers.

Bone remains metabolically active throughout life (bone
remodeling) at a variable degree (bone turnover) with bone
being constantly resorbed by osteoclasts (osteoclastic activ-
ity) and accreted by osteoblasts (osteoblastic activity) [16].
Since bone turnover mainly takes place on bone surface, tra-
becular bone, which has a greater surface-to-volume ratio
than compact bone, is consequently some eight times more
metabolically active than cortical bone.

The amount of bone in the skeleton at any moment is
entirely dependent on the peak bone mass attained during the
third decade of life and on the balance between bone resorp-
tion and formation. Bone turnover is under the influence
of general factors including age and hormones but is also
locally modified by many factors such as physical forces.

Key Points

* Bone remains metabolically active throughout life
(bone remodeling) at a variable degree (bone turn-
over). Trabecular bone is more metabolically active
than cortical bone.

e In adults, the amount of bone depends on the peak
bone mass attained after adolescence and on bone
turnover that is under the influence of systemic and
local factors.

12.3.2 Osteoporosis

Osteoporosis, by far the most common metabolic bone dis-
ease in Western countries, is a systemic skeletal disease char-
acterized by reduction in bone mass (amount of mineralized
bone per volume unit) and by altered trabecular structure due
to a loss of trabeculae interconnectivity with a consequent
increase in bone fragility and susceptibility to fracture [17]
(Fig. 12.4).

Fracture risk increases with advancing age and progres-
sive loss of bone mass. The incidence of hip fracture has
doubled over the past three decades and is predicted to con-
tinue to grow beyond what one would have predicted from
increased longevity. At 1 year after hip fracture, 40% of
patients are unable to walk independently, 60% have diffi-
culty with one essential activity of life, 80% are restricted in
other leaving activity, and 27% will be admitted to a nursing
home for the first time [17]. Questionnaires are available to
evaluate fracture risk (FRAX).

Generalized osteoporosis is associated with many diseases
and can be either primary or secondary [17]. Presence of a
vertebral fracture is a powerful predictor of future fracture,
and the accurate identification and clear reporting of vertebral
fracture by radiologists have a crucial role to play in the diag-
nosis and appropriate management of the patient [17].

Several quantitative techniques including dual-energy
X-ray absorptiometry (DXA), quantitative computed tomog-
raphy (QCT), and quantitative ultrasonography (QUS)
enable accurate and precise assessment of mineral bone den-
sity [2]. Artificial intelligence is likely to play a role in the
detection of osteoporosis and assessment of fracture risk by
using radiographs and CT examinations [18].

Radiography is relatively insensitive in detecting early
bone loss, and 30-40% loss of bone tissue usually remains
occult on radiographs. Radiographic bone density is also
affected by patient characteristics and technical parameters
used to obtain the radiographs.

The main radiographic features of generalized osteoporo-
sis include disappearance of the trabecular network and cor-
tical thinning. Resorption and thinning of trabeculae initially
affect secondary trabeculae that are parallel to the biome-
chanical stresses, and the primary trabeculae that are per-
pendicular to the biomechanical stresses may appear more
prominent because they are affected at a later stage. Cortical
thinning occurs as a result of endosteal, periosteal, or intra-
cortical (cortical tunnelling) bone resorption. Intracortical
tunnelling generally occurs in disorders with rapid bone
turnover such as diffuse osteoporosis and reflex sympathetic
osteodystrophy. Subperiosteal bone resorption on radio-
graphs is specific for hyperparathyroidism.

Osteoporosis remains occult on MR images although an
inverse relationship between trabecular bone density and
marrow fat has been reported in some forms of osteoporosis.
In the absence of trauma, the presence of multiple vertebral
fractures including acute (with bone marrow edema-like
changes) and healed (with increased marrow fat) fractures
suggests increased bone fragility and, hence, osteoporosis.

Key Points

* Osteoporosis is characterized by a reduction in
bone mass and by altered bone architecture with a
consequent increase in bone fragility and suscepti-
bility to fracture.

» Radiographs are not sensitive for the detection of
osteoporosis, but disappearance of the trabecular
network and cortical thinning can be seen in severe
0Steoporosis.

* Osteoporosis remains occult at MRI.

e Accurate identification and clear reporting of verte-
bral fractures by radiologists have a crucial role to
play in the diagnosis and appropriate management
of patient with undiagnosed osteoporosis.
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Fig. 12.4 Second metacarpal bones from three patients with (a) nor-
mal bone, (b) osteoporosis, and (¢) osteomalacia. Osteopenia is charac-
terized by quantitative bone abnormality with decreased bone density

12.3.3 Rickets and Osteomalacia

Rickets (in children) and osteomalacia (in adults) are char-
acterized by inadequate or delayed mineralization of oste-
oid substance in cortical and trabecular bone (Fig. 12.4)
[19].

Looser’s zone, the radiological hallmark of osteomala-
cia, corresponds to a relatively large and ill-delimited lin-
ear cortical lucency (the fracture). It typically involves the
ribs, the superior and inferior pubic rami, and the inner
margins of the proximal femora or lateral margin of the
scapula.

and cortical thinning (arrows in b). Osteomalacia is characterized by
qualitative bone abnormality with intracortical lucencies (arrows in ¢)

Widened physeal growth plate and metaphyseal cupping
and fraying are the radiological signs of rickets that are best
seen at rapidly growing ends of bone such as distal femur
and radius or anterior ends of ribs.

Additional radiological findings of rickets/osteomalacia
include bone deformities, osteopenia, or a coarsened pattern
of the cancellous bone [19].

At MRI, no specific findings for osteomalacia can be found.
Presence of multiple trabecular bone fractures with variable
appearance on fluid-sensitive sequences could suggest osteo-
malacia but is also observed in patients under steroid therapy
(Fig. 12.5). Looser’s zones are difficult to detect on MR images.
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Fig. 12.5 Osteomalacia. Coronal (a) Tl-weighted and (b) fat-
suppressed proton density-weighted MR images of the left knee of a
70-year-old man with drug-induced osteomalacia. Multiple trabecular

Key Point

e Rickets (in children) and osteomalacia (in adults)
are characterized by inadequate or delayed mineral-
ization of osteoid substance.

12.3.4 Renal Osteodystrophy
and Hyperparathyroidism

Renal osteodystrophy refers to all musculoskeletal manifes-
tations associated with chronic renal failure including osteo-
porosis, osteomalacia, secondary hyperparathyroidism, and
soft tissue calcifications.

The radiographic sign specific for hyperparathyroidism is
subperiosteal bone resorption that occurs everywhere but is
best visible on the radial side of the second finger phalanges
and/or phalangeal tufts [19].

Marginal erosions mimicking synovial disorders can also
develop in small joints, most likely due to traction at capsular
insertions. They are usually discrete and radiological joint
space is preserved. Osteoclastoma or brown tumors are lytic

insufficiency fractures (low signal intensity bands) with variable
amount of bone marrow edema-like changes are well depicted

bone lesions associated with chronic hyperparathyroidism.
Osteosclerosis may also be encountered in renal osteodystro-
phy. It is commonly appreciated in the vertebrae, pelvis, ribs,
and metaphyses of long tubular bones. In vertebrae, sclerosis
is frequently confined to the end plates, producing a charac-
teristic appearance of alternating bands of different density
(the “rugger jersey” spine).

Soft tissue calcifications may develop anywhere, in the vessel
walls but also in the muscles and tendons. Massive amorphous
calcification can develop in the soft tissue around articulations
and probably reflect poorly controlled renal osteodystrophy.

Key Points

e Renal osteodystrophy refers to all musculoskeletal
manifestations associated with chronic renal
failure.

» Subperiosteal bone resorption bets appreciated on
the radial aspect of the index phalanges is specific
for hyperparathyroidism.
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Presence of chondrocalcinosis (knees and wrists) in
patients younger than 50 years of age should raise the possi-
bility of hypercalcemia, but hemochromatosis may also pres-
ent with osteoporosis.

12.3.5 Insufficiency Fractures

Insufficiency fractures result from a normal or slightly
increased stress on diffusely weakened bones (Table 12.2).
Medical imaging plays a crucial role in the diagnosis of
insufficiency and pathological fractures because of the lack
of a suggestive clinical history. The distinction between
these two conditions can be challenging or even impossible
as in patients with multiple myeloma.

Imaging findings of insufficiency fractures depend on the
predominantly involved bone (trabecular or cortical bone)
and on the time delay between fracture and imaging (acute,
subacute, chronic) [20, 21].

Insufficiency fractures generally result from normal com-
pressive forces associated with weight-bearing and are there-
fore perpendicular to the weight-bearing trabeculae. Due to
the absence of trauma, bone deformity and soft tissue swell-
ing can be limited.

Early radiographic diagnosis of insufficiency frac-
tures is difficult and periosteal, and cortical callus forma-
tion accounts for their delayed detection on radiographs
(Table 12.3). Trabecular callus is typically linear and per-
pendicular to the dominant trabecular network as a result of
compressive forces.

Bone marrow edema (BME)-like change is the predomi-
nant MR feature of trabecular insufficiency fractures with
unclear distinction between stress-induced and fracture-
associated changes (Table 12.4).

Table 12.2 Classification of fractures

Clinical

Bone strength  Applied forces  clues
Traumatic fracture Normal Increased, acute History
Fatigue fracture Normal Increased, History

chronic

Insufficiency Diffuse Normal None
fracture decrease
Pathological Focal decrease Normal None
fracture

Table 12.3 Radiologic appearance of trabecular and cortical insuffi-
ciency fractures

Radiographs/

CT Acute Chronic Healed

Trabecular # Normal Mild sclerosis  Normal

Cortical # Cortical Periosteal Cortical
interruption reaction thickening

Table 12.4 MR appearance of trabecular and cortical insufficiency
fractures

MR

imaging Acute Chronic Healed
Trabecular Extensive edema Band, edema Normal
#

Cortical # Subtle marrow and Subtle marrow and Normal

soft tissue edema
Periosteal callus

soft tissue edema

In trabecular insufficiency fractures, low signal intensity
bands within BME-like changes are important to detect for
diagnostic accuracy. Their conspicuity depends on imaging
plane and sequences.

In cortical insufficiency fractures, cortical interruption is
barely visible on routine MR images. Edema-like changes on
the inner and outer sides of the cortex may suggest cortical
fractures but tumors or infection should also be considered.
Ultra-short TE MR images or CT may contribute to a spe-
cific diagnosis by depicting cortical interruption.

12.3.5.1 Vertebral Insufficiency Fractures
Spontaneous vertebral insufficiency fractures predominantly
involve the thoracolumbar spine and never occur above
T3 level. The anterior and central midportion of the verte-
bral body withstands compression forces less well than the
posterior and outer ring element of the vertebrae, resulting
in wedge or end plate fractures or, less commonly, crush
fractures.

Vertebral deformity is the radiographic hallmark of ver-
tebral body fracture on radiographs. BME-like changes
adjacent to the vertebral end plate and sparing the posterior
elements can be seen on MR images of acute fracture.

The low signal bands located a few millimeters under-
neath the vertebral end plate are important to detect as their
presence adds specificity and contributes to narrow the large
differential diagnosis associated with vertebral body BME
(Fig. 12.6).

12.3.5.2 Pelvic Bone Insufficiency Fractures

Pelvic bone insufficiency fractures predominate in the
pubic and ischiatic rami and sacral wings [22]. There is an
increased prevalence of these lesions in patients with previ-
ous radiation therapy (importance of differential diagnosis
with metastases).

MR imaging is the best imaging modality for sacral and
supra-acetabular fractures. CT may contribute to the diagno-
sis by demonstrating cortical interruption or callus formation
in trabecular fractures (sacrum).

12.3.5.3 Femoral and Tibial Insufficiency
Fractures

Early recognition of femoral insufficiency fractures is

extremely important because of possible progression to frac-



12 Metabolic-Endocrine

179

Fig. 12.6 Osteoporosis and vertebral fracture in an 82-year-old
woman. (a) Sagittal reformatted CT image of the upper lumbar spine
shows L1 and L2 vertebral fractures. (b) Corresponding T1-weighted
MR image shows decreased signal intensity of L2 (recent fracture)

ture displacement with subsequent increased morbidity. Any
region of the femur and of the tibia can be involved.
Atypical insufficiency fracture of the femoral shaft has
gained particular attention as they occur in patients with
long-standing bisphosphonate therapy for osteoporosis
(Fig. 12.7) [23]. These chronic uncomplete cortical fractures
can be multiple and bilateral; they involve preferentially
the lateral femoral cortex. Transverse cortical lucencies
with periosteal beaking can be seen on radiographs or CT
reformations. Lesions are barely visible at MRI, because
of the limited amount of edema due to lesions chronicity
and the limited conspicuity of cortical changes at MRI [24,
25]. Similar fractures occur in the lateral or anterior aspect
of the diaphysis in femurs with Paget’s disease and in the
medial aspect of femurs in patients with osteomalacia.
Longitudinal insufficiency fractures are associated with
extensive medullary and soft tissue edema [26]. Cortical
interruption, a key diagnostic finding, is visible on short-axis
MR or better CT images (with optimal bone settings). The
lesion may be confused with infection or tumor at MR imag-
ing because of the longitudinal extent of marrow infiltration.

12.3.5.4 Subchondral Insufficiency Fractures
Subchondral insufficiency fractures generally involve the
convex epiphyses of the weight-bearing bones (femoral head
and condyles, talar dome, and metatarsal heads) [22, 27-30]
(Fig. 12.8).

Radiographs are generally normal but may show sub-
tle subchondral sclerosis. MR imaging reveals BME-like
changes that predominate near the subchondral cortical
bone of the involved epiphysis. Subtle deformity of the
bone contours and low signal intensity bands located at a
few millimeters from the subchondral bone plate are gener-
ally present.

(arrows in b) and normal signal intensity of L1 (healed fracture). (¢) On
the corresponding sagittal short tau inversion recovery (STIR) image, a
low signal intensity band (arrow in ¢) indicates the fracture plane within
the bone marrow edema-like signal intensity changes

The differential diagnosis of subchondral BME-like
changes is large and includes bone and articular disorders.

12.3.6 Complications of Insufficiency
Fractures

12.3.6.1 Displacement of Insufficiency

Fractures

Insufficiency fractures usually heal normally with appropri-

ate conservative therapy.

Partial cortical insufficiency fractures of the long bones
may progress to overt displaced fractures if not recognized
in part because the causative stresses (torsion, compression,
traction) favor displacement.

Delayed secondary displacement of trabecular fractures
may occur due to persistent compression stresses. Sequelae
due to bone deformity can be important, mainly in the spine.

12.3.6.2 Delayed Union and Nonunion

Delayed union and subsequent nonunion of trabecular insuf-
ficiency fractures may occur if immobilization is difficult to
achieve, if vasculature is sparse, or if the bone metabolism is
altered (radiation therapy, steroids).

Progressive collapse of the vertebral body or the epiphysis
may occur in association with nonunion. In the past, this con-
dition was known as ‘“spontaneous osteonecrosis” because
of the analogy with systemic osteonecrosis (associated with
steroid, alcohol, and others) as both conditions may display
intraosseous cleft with or without vacuum phenomenon and
do not heal. The so-called spontaneous osteonecrosis of the
knee (SONK) (Fig. 12.9) is the best known of these condi-
tions, but some authors consider that this term is a misnomer
and should not be used [27, 28].
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Fig. 12.7 Atypical femoral shaft fractures in a 78-year-old woman
with history of long-standing bisphosphonate therapy for osteoporosis.
Magnified radiograph of the femoral shaft shows a transverse linear
cortical lucency with chronic periosteal reaction (white arrows) on the
lateral cortex of the subtrochanteric femur indicative of a partial and
chronic fracture of the lateral cortex. Other similar lesions are also vis-
ible inferiorly

Vertebral osteonecrosis may lead to spinal cord compres-
sion, a very uncommon feature in vertebral insufficiency
fractures.

Distinction between “spontaneous osteonecrosis” and
“subchondral insufficiency fracture” remains important for
therapeutic purpose. Spontaneous osteonecrosis will not
heal, whereas subchondral insufficiency fractures may heal.
Several MR features may contribute to the recognition of
subchondral insufficiency fractures that are more likely to
progress to osteonecrosis [29, 30].

Key Points

* Medical imaging plays a crucial role in the diagno-
sis of insufficiency fractures because of the lack of
a suggestive clinical history.

e Imaging findings of insufficiency fractures depend
on the involved bone (trabecular or cortical bone)
and on their age (acute, subacute, chronic).

* Bone marrow edema-like changes are a predomi-
nant but nonspecific finding in recent trabecular
insufficiency fractures. Additional low signal inten-
sity bands are important for a specific diagnosis but
may be absent.

* Diagnosis of cortical insufficiency fractures is
challenging at MRI because of inherent limitations
in detecting cortical interruption that can be seen
at CT.

Fig. 12.8 Subchondral insufficiency fracture of the femoral head in a
57-year-old man. (a) Coronal T1-weighted MR image of the left hip
demonstrates extensive ill-delimited bone marrow edema-like signal
changes in the proximal femur that predominate in the subchondral

area. (b) Sagittal fat-suppressed proton density-weighted image dem-
onstrates a subchondral low signal intensity band (arrows) in the femo-
ral head suggestive of an acute trabecular fracture. (¢) A follow-up MR
image demonstrates complete healing of the lesion
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Fig. 12.9 Subchondral insufficiency fracture of the medial femoral
condyle in a 65-year-old woman. (a) Coronal T1-weighted (a) and fat-
suppressed proton density-weighted (b) MR images demonstrate bone
marrow edema-like changes of the medial femoral condyle. On the sag-
ittal fat-suppressed proton density-weighted MR image (c), a crescent-

12.4 Concluding Remarks

All components of the musculoskeletal system can be involved
by metabolic disorders as a result of endocrine diseases,
genetic alterations, and environmental or nutritional aspects
with important worldwide variations in prevalence and sever-
ity. Early detection of these disorders is crucial because of the
availability of efficient therapies and preventive measures.
Metabolic disorders are usually clinically silent until compli-
cations do occur including mechanical failure (bone fracture,
tendon tear), necrosis, and inflammation (arthritis). Imaging
plays an important role in detecting complications of meta-
bolic disorders but has limited value in their quantification.
MR imaging is the method of choice in assessing bone mar-
row, with T1-weighted imaging being most helpful.

shaped low signal intensity line is depicted in the subchondral area with
normal bone contour. (d) Fat-suppressed proton density-weighted MR
image obtained 6 months later demonstrates focal collapse of the con-
dyle and cyst-like bone changes which required subsequent unicom-
partmental joint replacement

Take Home Messages

e Metabolic disorders can involve all components of
the musculoskeletal system.

e Early detection of metabolic disorders is crucial to
guide therapy.

e Osteoporosis, the most common metabolic bone
disorder, is characterized by a reduction in bone
mass and by altered bone architecture with increased
fracture risk.

* Musculoskeletal complications of metabolic disor-
ders include mechanical failure (bone fracture, ten-
don tear), necrosis and inflammation (arthritis).

¢ MR imaging is the method of choice in assessing
bone marrow and insufficiency fractures.



182

M. A. Bredella and B. C. Vande Berg

References

10.

11.

12.

13.

14.

15.

16.

. Vogler JB 3rd, Murphy WA. Bone marrow imaging. Radiology.

1988;168(3):679-93.

. Rosen CJ, Bouxsein ML. Mechanisms of disease: is osteoporosis

the obesity of bone? Nat Clin Pract Rheumatol. 2006;2(1):35-43.

. Moore SG, Dawson KL. Red and yellow marrow in the femur:

age-related changes in appearance at MR imaging. Radiology.
1990;175(1):219-23.

. Caldemeyer KS, et al. Hematopoietic bone marrow hyperpla-

sia: correlation of spinal MR findings, hematologic parameters,
and bone mineral density in endurance athletes. Radiology.
1996;198(2):503-8.

. Shellock FG, et al. Hematopoietic bone marrow hyperplasia: high

prevalence on MR images of the knee in asymptomatic marathon
runners. AJR Am J Roentgenol. 1992;158(2):335-8.

. Karampinos DC, et al. Quantitative MRI and spectroscopy of bone

marrow. J Magn Reson Imaging. 2018;47(2):332-53.

. Yoo HJ, et al. Measurement of fat content in vertebral marrow using

a modified dixon sequence to differentiate benign from malignant
processes. ] Magn Reson Imaging. 2017;45(5):1534—44.

. Schellinger D, et al. Bone marrow fat and bone mineral density

on proton MR spectroscopy and dual-energy X-ray absorptiom-
etry: their ratio as a new indicator of bone weakening. AJR Am J
Roentgenol. 2004;183(6):1761-5.

. Singhal V, Bredella MA. Marrow adipose tissue imaging in humans.

Bone. 2019;118:69-76.

Ackerman KE, Misra M. Bone health and the female athlete triad in
adolescent athletes. Phys Sportsmed. 2011;39(1):131-41.

De Souza MJ, et al. 2014 female athlete triad coalition consensus
statement on treatment and return to play of the female athlete triad:
1st international conference held in San Francisco, California,
May 2012 and 2nd international conference held in Indianapolis,
Indiana, may 2013. Br J Sports Med. 2014;48(4):289.

Singhal V, et al. Regional fat depots and their relationship to bone
density and microarchitecture in young oligo-amenorrheic athletes.
Bone. 2015;77:83-90.

Nattiv A, et al. Correlation of MRI grading of bone stress inju-
ries with clinical risk factors and return to play: a 5-year prospec-
tive study in collegiate track and field athletes. Am J Sports Med.
2013;41(8):1930-41.

Boutin RD, et al. MRI findings of serous atrophy of bone marrow
and associated complications. Eur Radiol. 2015;25(9):2771-8.
Vande Berg BC, et al. Anorexia nervosa: correlation between MR
appearance of bone marrow and severity of disease. Radiology.
1994;193(3):859-64.

Pathria MN, Chung CB, Resnick DL. Acute and stress-related inju-
ries of bone and cartilage: pertinent anatomy, basic biomechanics,

17.

18.

20.

21

22.

23.

24.

25.

26.

27

28.

29.

30.

and imaging perspective. Radiology. 2016;280:21-38. https://doi.
org/10.1148/radiol.16142305.

Adams J. Osteoporosis. In: Pope TL, et al., editors. Imaging of
the musculoskeletal system. Ist ed. Philadelphia: Saunders; 2008.
p. 1489-508.

Yasaka K, et al. Prediction of bone mineral density from computed
tomography: application of deep learning with a convolutional neu-
ral network. Eur Radiol. 2020;30:3549-57. https://doi.org/10.1007/
$00330-020-06677-0.

. Sundaram M, Schils J. Hyperparathyroidism, renal osteodystrophy,

osteomalacia and rickets. In: Pope TL, et al., editors. Imaging of
the musculoskeletal system. Ist ed. Philadelphia: Saunders; 2008.
p. 1509-23.

Vande Berg BC, et al. Transient epiphyseal lesions in renal trans-
plant recipients: presumed insufficiency stress fractures. Radiology.
1994;191(2):403-7.

. Vande Berg BC, Malghem J, Lecouvet FE, Maldague B. Magnetic

resonance imaging and differential diagnosis of epiphyseal osteo-
necrosis. Semin Musculoskelet Radiol. 2001;5(1):57-67.

Cabarrus MC, Ambekar A, Lu Y, Link TM. MRI and CT of insuf-
ficiency fractures of the pelvis and the proximal femur. AJR Am J
Roentgenol. 2008;191(4):995-1001.

Shane E, et al. Atypical subtrochanteric and diaphyseal femoral
fractures: report of task forces of the American Society for Bone
and Mineral Research. J Bone Miner Res. 2010;25:2267-94.

Chan SS, Rosenberg ZS, Chan K, Capeci C. Subtrochanteric femo-
ral fractures in patients receiving long-term alendronate therapy :
imaging features. AJR Am J Roentgenol. 2010;194:1581-6.
Haworth AE, Webb J. Skeletal complications of bisphos-
phonate use: what the radiologist should know. Br J Radiol.
2012;85(1018):1333-42.

Feydy A, et al. Longitudinal stress fractures of the tibia: compara-
tive study of CT and MR imaging. Eur Radiol. 1998;8(4):598-602.

. Yamamoto T, Schneider R, Bullough PG. Subchondral insuf-

ficiency fracture of the femoral head: histopathologic correlation
with MRI. Skelet Radiol. 2001;30:247-54.

Yamamoto T, Bullough PG. Spontaneous osteonecrosis of the knee:
the result of subchondral insufficiency fracture. J Bone Joint Surg
Am. 2000;82(6):858—-66.

Vande Berg BC, et al. Idiopathic bone marrow edema lesions of the
femoral head: predictive value of MR imaging findings. Radiology.
1999;212(2):527-35.

Lecouvet FE, et al. Early irreversible osteonecrosis versus transient
lesions of the femoral condyles: prognostic value of subchondral
bone and marrow changes on MR imaging. AJR Am J Roentgenol.
1998;170(1):71-7.

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 International License (http://creativecommons.
org/licenses/by/4.0/), which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropri-
ate credit to the original author(s) and the source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative Commons license, unless indicated otherwise in

a credit line to the material. If material is not included in the chapter’s Creative Commons license and your intended use is not permitted by statu-
tory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder.


https://doi.org/10.1148/radiol.16142305
https://doi.org/10.1148/radiol.16142305
https://doi.org/10.1007/s00330-020-06677-0
https://doi.org/10.1007/s00330-020-06677-0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

®

Check for
updates

Spine Trauma

13

ConnieY. Chang and Mini N. Pathria

Learning Objectives

e To describe common and important traumatic
lesions of the spine, emphasizing different injuries
that take place in different spinal segments.

* To illustrate the typical imaging appearance of spi-
nal injuries on radiographs, computed tomography
(CT), and magnetic resonance imaging (MRI).

e To introduce radiologists to the most widely used
scoring systems used by orthopedic surgeons and
neurosurgeons for classifying spinal trauma and
selecting management.

Spine trauma is a common indication for diagnostic imaging,
and the use of advanced imaging for assessment of spinal
injury has become routine at major trauma centers. Injuries
of the spine are best understood by considering it as five dis-
tinct anatomic regions, each with its own unique anatomy
and patterns of injury. These regions consist of the cervico-
thoracic, low cervical, thoracic, thoracolumbar, and low lum-
bar segments of the spine, with the majority of injuries
occurring in the low cervical and thoracolumbar areas.

13.1 Craniocervical Junction (CCJ)

The craniocervical junction includes three bones (occipital
base, C1, and C2), two joints (atlantooccipital and atlanto-
axial), and several extrinsic and intrinsic ligaments, allowing
for the delicate balance of flexibility while protecting the
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cranial blood supply, brainstem, and cranial nerves [1].
Careful description of each injured component and the
degree of distraction is important, because these details
determine stability and management [1, 2]. In this section,
we will focus on C2 fractures, which account for 17-20% of
cervical spine fractures [3, 4]. There are three main C2 frac-
ture types: odontoid fractures, traumatic spondylolysis, and,
less commonly, vertebral body/lateral mass fractures [2, 3].

Key Point

* Odontoid fractures are the most common C2 frac-
tures, followed by traumatic spondylolisthesis; both
fracture types have clinically relevant classification
schemes.

Approximately 59% of C2 fractures involve the odontoid
process [3, 4]. Mortality of C2 fractures in patients 65 years
and older is substantial—approximately 15% at 30 days and
34% and 1 year [5]. The most common mechanism is motor
vehicle accident, but in older patients even low energy
trauma can result in odontoid process fractures [5]. There are
three types of odontoid fractures as classified by Anderson
and D’ Alonzo (Fig. 13.1) [2, 6]. Type I (1-3%) fractures are
through the odontoid tip and are likely due to alar ligament
avulsion [3, 4, 6]. Because it is high in the odontoid, type I
fractures are considered stable and typically heal with immo-
bilization [3]. Type II (54-60%) fractures are at the junction
of the odontoid and the vertebral body, and fractures with
>6 mm displacement, comminution, and/or concomitant
ligamentous injury have a greater risk of nonunion and likely
require surgical management [3, 7, 8]. Hadley et al. also pro-
posed a type ITA odontoid fracture with additional chip frac-
ture fragments at the dens base, either anteriorly or posteriorly
(Fig. 13.2) [8]. These fractures are unstable and tend toward
nonunion [8]. Patients older than 50 years are at greater risk
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Type | Type Il Type Il

Fig. 13.1 Odontoid fracture classification. (a, b) A 39-year-old male
injured in motor vehicle accident. Coronal (a) and sagittal (b) images of
the C2 vertebral body demonstrate a fracture through the tip of the C1
vertebral body, consistent with a type I odontoid fracture. (¢, d) A
69-year-old man who fell in the bathroom. Coronal (c) and sagittal (d)
images of the C2 vertebral body demonstrate a fracture with less than
6 mm of displacement at the junction of the odontoid and C2 vertebral

for nonunion [9]. Type Il (39-42%) fractures are through
the cancellous bone of the vertebral body [4, 6]. They are
generally stable and heal with halo immobilization [3, 4].
Traumatic spondylolisthesis is the second most common
C2 fracture (approximately 38%) [1]. This fracture is com-
monly called the “hangman’s fracture,” although forensic
research suggests that this fracture occurred in less than 10%
of judicial hangings; currently it is most commonly due to
motor vehicle accidents [10, 11]. There are five injury pat-
terns as originally defined by Effendi and later revised by

body, consistent with a type II odontoid fracture. The patient was neu-
rologically intact and managed nonoperatively. (e, f) A 76-year-old
woman with osteogenesis imperfecta who fell while transferring to a
commode. Coronal (e) and sagittal (f) images of the C2 vertebral body
demonstrate an oblique fracture through the cancellous portion of the
C2 vertebral body (arrows), consistent with a type III odontoid fracture.
This fracture was stable and healed with nonoperative management

Levine and Starr (Fig. 13.3) [12]. The degree of distraction
and anterior translation should be described, as these deter-
mine fracture stability [12]. Type I (65-72%) fractures are
the most common, followed by type II (27-28%) (Fig. 13.4)
and type III (1-7%) fractures [3, 13]. Type I and type II may
appear similar on supine imaging, and upright radiographs
may reveal distraction [1, 14]. Type IIA has more distraction
than translation and therefore a greater degree of kyphosis
when compared with type II [1, 14]. Neurologic injury is
uncommon and only occurs if there is spinal canal narrowing,
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Fig. 13.2 An 85-year-old man with neck pain after unwitnessed fall.
(a) Sagittal CT image demonstrates a displaced fracture through the
base of the odontoid process, with more than 6 mm of displacement and
small chip fragments anteriorly and posteriorly (arrows), consistent
with a type IIA fracture. This fracture is unstable and requires surgical
management. (b) Subsequent lateral radiograph demonstrates posterior
C1-C2 spinal fusion

Y

which may occur in type IA (33%) or type III (60%) injuries
[1]. The other fracture types generally result in spinal canal
widening [1].

Vertebral body/lateral mass fractures (22%) are the least
common, and the vast majority are managed nonopera-
tively with good result [3]. C2 body fractures are difficult to
detect on radiographs, and Pellei described a useful finding
called the “fat” C2 sign to improve sensitivity (Fig. 13.5)
[15]. The C2 vertebral body appears “fat” (increased
anteroposterior diameter) when there is a displaced verte-
bral body fracture fragment and suggests that the fracture is
unstable requiring further imaging. This sign may be the
result of any fracture involving the C2 vertebral body,
including a type III dens fracture or an atypical traumatic
spondylolysis.

13.2 Mid to Lower Cervical

Mid to lower cervical spine (subaxial) injuries represent 65%
of cervical spine fractures and are classified based on mecha-
nism of injury: flexion compression, extension compression,
vertical ~compression, flexion-distraction,  extension-
distraction, and lateral flexion or rotation [12]. The Subaxial
Injury Classification and Scoring (SLIC) system incorpo-
rates imaging (CT and MRI) and clinical findings into a sin-
gle score, placing the patient in nonsurgical (total SLIC
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Fig. 13.4 A 62-year-old woman with multiple sclerosis who presents
status post fall. (a, b) Sagittal CT images of the cervical spine demon-
strate bilateral C2 pars interarticularis fractures. (c¢) Sagittal CT image
of the cervical spine demonstrates anterolisthesis (white arrow) and
posterior displacement of the C2 posterior elements (black arrow). (d)

v

Axial CT image of the cervical spine demonstrates bilateral commi-
nuted fractures extending into the vertebral foramina. There was no
evidence for vertebral artery injury. This fracture is atypical, but most
closely approximates by a type II fracture
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Fig. 13.5 A 79-year-old woman who was T-boned in a motor vehicle
accident. (a) Lateral radiograph of the cervical spine demonstrates
wider anterior-posterior (AP) diameter of the C2 vertebral body (white

score <3), indeterminate (=4), or surgical (>5) management
categories (Table 13.1) [12]. Each injured level receives a
separate score. The abnormality with the highest score is
used for the scoring system, i.e., fractures with distraction
and translation are scored as translation [16, 17].

Key Point

e The Subaxial Injury Classification and Scoring
(SLIC) system is helpful for framing evaluation of
mid to lower cervical spinal injuries.

Familiarity with this scoring system is important for radi-
ologists interpreting these studies, because communication
of findings using this terminology enhances communication
with the trauma surgeons. Patients with a high SLIC score
typically require surgical management to relieve cord com-
pression and stabilize the spine (Fig. 13.6). Conversely,
patients with a low SLIC score can be managed conserva-
tively (Fig. 13.7).

dotted line) compared to the AP diameter of the C3 vertebral body
(black dotted line). (b) Axial CT image through the level of C2 demon-
strates a mildly displaced vertebral body fracture

Table 13.1 Subaxial Injury Classification and Scoring (SLIC) system
[2,35]

Category Score
Neurologic status

Intact 0
Root injury 1
Complete cord injury 2
Incomplete cord injury 3
Incomplete cord injury with ongoing cord compression 4
Morphology

No abnormality 0
Compression 1
Burst 2
Distraction (facet diastasis >2 mm, facet subluxation with 3

<50% overlap, posterior disk space widening and >11°
angulation)

Rotation (anterolisthesis >3.5 mm but <50% of caudal 4
vertebral body anterior-posterior (AP) dimension) or
translation (anterolisthesis >3.5 mm and >50% of caudal
vertebral body anterior-posterior (AP) dimension)
Discoligamentous complex

Intact

Indeterminate

Disrupted 2

==
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Fig. 13.6 An 18-year-old man who was a restrained passenger in a
motor vehicle accident, where his car collided with another vehicle and
rolled into a ditch. Unfortunately, the patient did not survive the acci-
dent and passed away several days later. (a) Lateral radiograph demon-
strates anterolisthesis of the widened C2—C3 disk space, comminuted
fracture fragments in the disk space, probably from the C3 superior
endplate, and bilateral perched facets. (b) Sagittal T2 fat-suppressed
image through the midline of the upper cervical spine demonstrates
complete separation of the C2 inferior endplate from the C2-C3 inter-
vertebral disk, anterior longitudinal and posterior longitudinal ligament
injury, and interspinous ligament injuries. There is extensive anterior
and posterior soft tissue hemorrhage. There is also hemorrhage within

Fig. 13.7 A 70-year-old man status post fall with head strike against a
wall. Sagittal CT image demonstrates a comminuted C7 vertebral body
fracture with compression (arrows). The fracture does not extend to the
vertebral body posterior margin. There is bilateral facet subluxation
(only one side shown; circle). There is no listhesis (dotted line). The
patient had no neurologic deficits (SLIC neurologic status score 0). The
facet joints are subluxated bilaterally, but there is no facet diastasis or
posterior disk space widening to indicate discoligamentous description.
There is compression of the vertebral body, consistent with a SLIC
morphology score of 1. The total SLIC score is low and the patient was
successfully treated with conservative management

uh

the swollen spinal cord, with ongoing compression of the cord by the
C3 vertebral body. The patient’s clinical examination was consistent
with complete cord injury, but given the ongoing cord compression, the
SLIC neurologic status score is 4. (¢) Sagittal CT image through the
midline of the upper cervical spine demonstrates anterolisthesis
>3.5 mm but less than 50% of the C3 vertebral body. For the morphol-
ogy category, the facets are subluxated >50% of the articular surfaces;
however, there is also >3.5 mm anterolisthesis, which is <50% of the
caudal vertebral body AP dimension, resulting in a SLIC morphology
score of 4. The discoligamentous complex is disrupted, consistent with
a SLIC score of 2. The total SLIC score is 10, which would warrant
surgical management for the fracture

13.3 Upper Thoracic

The T1-T10 vertebrae are relatively immobile as they are sta-
bilized by a ring formed by the spine, ribs, and sternum so
traumatic injuries of this region are less common than at the
more mobile cervical and thoracolumbar regions. In young
adults, less than 25% of all thoracic fractures affect T1-T10,
typically following a fall, motor vehicle accident or seizure
[18]. The most common fracture pattern is superior endplate
compression resulting in paraspinal swelling, anterior height
loss, and disruption of the anterior cortex and subchondral
bone, without posterior height loss, retropulsed bone, or
malalignment. Mild height loss alone lacks specificity as it can
be physiologic or due to Scheuermann disease, which is asso-
ciated with disk height loss, Schmorl nodes, and kyphosis
[19]. Impacted subchondral trabecular bone is more specific,
appearing as a transverse zone of sclerosis paralleling the end-
plate that becomes more apparent as the fracture heals. Mild
compression fractures are stable, but those with greater than
40% height loss can result in delayed kyphotic deformity, par-
ticularly if there are multiple contiguous fractures [20].
While fractures of the upper thoracic spine in young
patients are typically the result of significant force, upper
thoracic fractures in elderly osteoporotic patients often result
from trivial injury and can be challenging to visualize on
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radiographs. Osteoporotic thoracic fractures are common;
18% of white women older than 50 and 78% of white women
older than 90 years have at least one thoracic compression
fracture, typically in conjunction with additional fractures in
the lumbar region [21]. Bone fragility allows the fracture to
propagate easily to the posterior vertebral body margin,
resulting in greater height loss and retropulsion of bone into
the canal.

In elderly patients, distinguishing osteoporotic fractures
from pathologic fractures can be challenging. Findings sug-

gesting underlying neoplasia include isolated fractures above
T7, preferential posterior height loss or bulging of the poste-
rior cortex, cortical erosion of the vertebral body or posterior
elements, soft tissue mass, and diffuse replacement of the
vertebral body fat signal, whereas a simple transverse frac-
ture line with band-like partial marrow replacement limited
to the upper or lower half of the vertebral body and the pres-
ence of a linear cleft of fluid or gas favor a benign process
[22] (Fig. 13.8). MR techniques that identify regions of
restricted diffusion within neoplastic tissue and phase imag-

Fig. 13.8 A 74-year-old male with history of prostate cancer. Sagittal
CT (a) and T1-weighted MR (b) of the thoracic spine show a pathologic
fracture at T10 (arrows) and a benign osteoporotic compression fracture
at T12. The CT shows subtle increased density at T10 and cortical blur-
ring of the edges of the spinous process. The MR shows complete mar-
row replacement of the T10 vertebral body and spinous process at T10,

mild height loss and a convex contour at the posterior vertebral margin,
and encroachment on the posterior epidural space by soft tissue exten-
sion from the posterior elements resulting in stenosis. In contrast, the
chronic osteoporotic fracture at T12 shows normal fatty marrow signal,
a more angular deformity of the superior endplate, and an intact poste-
rior margin
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ing to identify microscopic fat within benign lesions are use-
ful in equivocal cases though some fractures remain
indeterminate, requiring biopsy [23].

Key Point

» Upper thoracic fractures in elderly osteoporotic
patients can be difficult to distinguish from patho-
logic fractures. Morphologic features of the fracture
and adjacent soft tissues are augmented by advanced
MR imaging techniques to help determine if the
fracture is benign or malignant.

Severe upper thoracic injuries such as burst fractures
with retropulsed bone, anterior and posterior distraction
injuries, and fracture-dislocation are uncommon. Fracture-
dislocation of the upper thoracic spine is the result of
combined hyperflexion, axial loading, and rotary/shear
forces resulting in extensive ligament disruption, complex
fractures, and spinal malalignment including translation,
rotation, and telescoping of vertebrae [23] (Fig. 13.9). In
such injuries, the disproportionately small ratio of the spi-
nal canal to the cord in the upper thoracic region leads to
a high risk of neurologic deficit. Soft tissue hemorrhage
and associated visceral and mediastinal injuries are com-
mon [18]. CT and MR are needed to fully characterize

Fig. 13.9 A 56-year-old involved in all-terrain vehicle accident with
fracture-dislocation of the upper thoracic spine resulting in paraplegia.
Sagittal CT (a) of the thoracic spine illustrates multiple upper thoracic
fractures with comminution of the T6 body (asterisk), malalignment

with anterior shift of T5 relative to T7, disruption of the posterior ele-
ments with facet dislocation, and large bone fragments encroaching on
the spinal canal. (b) The corresponding T2-weighted sagittal MR shows
disruption of the thoracic cord at the injury level
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these complex injuries, affording detailed assessment of
fractures, ligaments, neural elements, and paraspinal soft
tissues.

13.4 Thoracolumbar

The thoracolumbar region is commonly injured, representing
the second most common site of spinal trauma following the
lower cervical spine. Modern classification systems of spinal
injury are based on systems initially developed to organize
thoracolumbar injuries according to injury mechanism, using
fracture morphology and degree of displacement to assess
stability and plan management. The initial system widely
used was the Denis classification that divided the spine into
anterior, middle, and posterior columns, emphasizing the role
of the middle column (posterior vertebral margin, posterior
longitudinal ligament, and posterior annulus) in maintaining
stability [24]. Denis classified thoracolumbar injuries into
(1) compression fracture limited to the anterior column; (2)
burst fracture involving anterior and middle columns; (3) seat
belt injury resulting from distraction of the middle and pos-
terior columns from distraction; and (4) fracture-dislocation
with disruption of all three columns. This classification was
based on radiographs and did not account for many spinal
injuries, particularly those where the anterior spine was com-
pressed while the posterior ligaments failed by distraction, a
pattern well appreciated on MR imaging. Current classifica-
tion systems have expanded Denis’ system to offer a more
comprehensive classification and account for more injury
patterns and also include clinical parameters. Currently,
the most widely used thoracolumbar injury classification is
based on combining features of the AO-Magerl classifica-
tion (Arbeitsgemeinschaft fiir Osteosynthesefragen) and
TLICS (Thoracolumbar Injury Classification and Severity
Score) system [16, 20]. The AO/TLICS system, based on a
consensus of international spine surgeons, classifies fracture
morphology into three main patterns: type A (compression),
type B (tension band disruption, either anterior or posterior),
and type C (displacement/translation) with several subtypes
in the first two categories. The grading of morphology relies
on accurate assessment of both bone and ligament injury and
emphasizes the utility of CT and MRI for assessment of tho-
racolumbar trauma [25].

Key Point

e The AO/TLICS classification of thoracolumbar
injuries is based on fracture morphology as defined
by imaging, categorizing fractures into those caused
by compression, distraction, or translation.

The fracture morphology score is combined with a grad-
ing of neurologic status and a description of patient-specific
modifiers that affect the likelihood of surgery to help select
management [16]. This classification has similar consider-
ations as the SLIC grading system of cervical trauma previ-
ously discussed.

13.4.1 Type A: Compression Injuries

The most common injury mechanism is compression which
produces a range of fracture morphologies that include supe-
rior and inferior endplate impaction, anterior wedging of
varying severity, burst fractures, and sagittal splitting of the
vertebral body. Similar to the remainder of the spine, mild
compression fractures result in anterior height loss, buckling
of the cortex, and endplate comminution producing band-
like sclerosis adjacent to the fractured endplate. On CT, these
appear as an arc of irregular bony fragments displaced cir-
cumferentially at the level of the endplate. Posterior verte-
bral and intervertebral disk height are preserved and there is
no listhesis. Compression fractures with greater than 40%
height loss, particularly in the setting of multiple contiguous
fractures and posterior ligament sprain may require pro-
longed bracing [26]. Severe compression fractures showing
with greater than 70% height loss may require posterior sta-
bilization to avoid kyphotic deformity. Unlike simple com-
pression fractures, burst fractures involve the posterior
vertebral body margin, leading to posterior vertebral height
loss and retropulsed bone in the spinal canal. The thoraco-
lumbar region is the most common site of spinal burst frac-
tures, and such injuries make up 16% of all spinal injuries
encountered at a trauma center. CT scanning is the most effi-
cient method for characterizing the fracture, identifying
associated posterior element fractures and evaluating bone
encroaching on the spinal canal (Fig. 13.10).

13.4.2 Type B: Distraction (Tension Band)
Injuries

The vast majority of distraction injuries of the thoracolumbar
spine results from flexion with the resulting tensile force,
leading to purely osseous, purely ligamentous, or combined
bony and soft tissue injury starting at the posterior spine
allowing separation between the posterior elements, fol-
lowed by anterior soft tissue injury or vertebral fracture. The
classic horizontally oriented Chance fracture is one example
of a distraction injury, but there is a broad spectrum of dis-
traction injury patterns depending on whether the injury is
primarily ligamentous or osseous and whether distraction
affects the entire spine or only the posterior elements.
Distraction injuries are associated with variable amounts of
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Fig. 13.10 A 28-year-old male with spinal injury after falling down-
stairs while intoxicated. The lateral radiograph (a) shows a mild supe-
rior endplate compression fracture of L1 with anterior cortical
disruption and minimal height loss. Note the sclerosis below the supe-
rior endplate. The L4 vertebral body shows a burst fracture with height
loss extending to the posterior vertebral margin. Sagittal CT (b) shows

splaying of the posterior elements, which can be overlooked
on radiographs and CT, particularly if the patient is recum-
bent [27]. In practice, many posterior tension band injuries
with vertebral body fractures are easily confused for simple
compression or burst fractures without MR imaging, which
should be obtained whenever posterior ligament injury is
suspected (Fig. 13.11). Anterior tension band injuries caused
by hyperextension are far less common. The typical injury
pattern is a horizontal fracture through the vertebral body or
through an ossified disk in an elderly patient with underlying
degenerative spinal fusion, leading to increased vertebral or
disk height and lordosis [28].

13.4.3 Type C: Displacement/Dislocation

The most severe pattern of injury consists of displacement
injuries with translation and/or rotation due to disruption of
all the spinal ligaments, typically in association with fractures
at both the anterior and posterior vertebra. Rib fractures and
costotransverse dislocations often accompany these injuries.

the fractures well and demonstrates a large rotated fragment of retro-
pulsed bone within the spinal canal at L4. Axial CT (c) at L4 shows
comminution of the vertebral body and a large fragment encroaching on
the canal and neural elements. There is a sagittal split fracture through
the posterior arch

Thoracolumbar displacement/dislocation injuries are associ-
ated with a high rate of neurologic deficit, with 50-90% of
patients developing a permanent neurologic deficit.

13.5 Lower Lumbar

Pars interarticularis fracture or spondylolysis is a stress frac-
ture of the bony arch connecting the upper and lower facet
joints and occurs primarily at the L5 (85-95%) and L4
(5-15%) levels [29, 30]. The prevalence is approximately
6%, and many are asymptomatic, but spondylolysis can
cause pain in athletes with high lower back stress (football,
wrestling, dancing, weight lifting), particularly in the adoles-
cent and preadolescent population [31, 32]. Diagnosis on
radiographs is best made on the oblique view, but radio-
graphs have low sensitivity for stress injury and nondisplaced
stress fractures (Fig. 13.12) [30, 33]. Flexion and extension
views can detect motion and instability in the case of spon-
dylolisthesis, which occurs in 50-81% of patients with spon-
dylolysis [29, 31, 33].
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Fig. 13.11 A 39-year-old female injured during motor vehicle acci-
dent. Sagittal CT (a) and T2-weighted MR (b) images of the lumbar
spine show a fracture of the L1 vertebral body (asterisk) with height
loss and a small bulge of retropulsed bone arising from the posterior
margin of the upper endplate. An MR was obtained because of focal

A low threshold for obtaining a CT or MRI in patients
with a suspicious clinical history and physical examination
is recommended, because early detection and appropriate
treatment (primarily rest and pain management) is impor-
tant to prevent progression and more aggressive interven-
tion [29]. CT has the highest sensitivity for fracture
detection, while MRI has the advantage of detecting edema

posterior pain and swelling and shows disruption of the supraspinous
ligament (arrow), as well as edema in the T12/L1 interspace and loss of
low signal at the ligamenta flava, indicating a tension band injury dis-
rupting the posterior ligaments

in early-stage injury (Fig. 13.13) [29]. Most patients are
successfully managed conservatively, with surgery reserved
for the 9—15% of cases that remain symptomatic after con-
servative care [29]. Because the condition can be asymp-
tomatic, diagnostic steroid and anesthetic injection can be
helpful to confirm the spondylolysis as the source of the
patient’s pain prior to surgery [34].
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Fig.13.12 A 24-year-old baseball player with acute on chronic unilat-
eral left-sided lower back pain. (a) Oblique radiograph of the spine
demonstrates the “Scottie dog” appearance of the vertebrae, outlined at
the L4 level (dotted white line). P = pedicle, Pa = pars interarticularis,
black * = superior articular facet, white * = inferior articular facet.

There is a resorption of the cortices and thinning of the pars interarticu-
laris at L5; the fracture line is only partially visualized (arrows). (b)
Sagittal CT image demonstrates a nondisplaced fracture of the left L5
pars interarticularis (arrows). There is surrounding sclerosis

Fig. 13.13 An 18-year-old multisport collegiate athlete with acute on
chronic left lower back pain since elementary school. (a) Sagittal T1
MRI image demonstrates nondisplaced left L5 pars interarticularis frac-

ture (arrow). There is no anterolisthesis (dotted line). (b) Sagittal T2 FS
MRI image demonstrates marrow edema around the nondisplaced left
L5 pars interarticularis fracture (*)
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13.6 Concluding Remarks

Diagnostic imaging plays a critical role in identifying and
classifying spinal injury. Understanding the unique features
of each spinal segment and relevant classification systems
can help the radiologist both with injury detection and with

generating clinically relevant reports

to help guide

management.

Take Home Messages

 Injury affects different regions of the spine in differ-
ent ways as a result of their unique anatomy and
physiology. The most commonly injured regions are
the lower cervical and thoracolumbar segments.

* Modern imaging and classification of spine trauma
rely on cross-sectional imaging for diagnosis and
classification of suspected spinal injury.

e Current classifications (SLIC and AO/TLICS) of
spinal fractures are based on injury morphology as
defined by imaging, combined with clinical param-
eters, to select suitable management.
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Spine Degeneration and Inflammation
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David J. Wilson and Marcelo de Abreu

Learning Objectives

* To understand how degenerative disorders of the
spine develop and exhibit themselves on imaging.

e To understand how inflammatory disorders of the
spine develop and exhibit themselves on imaging.

* To recognize inflammatory and degenerative disor-
ders in the differential diagnosis of spinal disease.

14.1 Degenerative Diseases of the Spine

At some point in our lives, almost all of us will suffer from
back pain. The clear majority will have degenerative disease
of the discs or facet joints. A small minority will have
tumours, insufficiency fractures, inflammatory joint disease
or infection. Differentiation of these conditions is clearly
critical for management. In this syllabus, we will cover
degeneration and inflammatory joint disease and describe
how imaging and image-guided intervention are important in
precise diagnosis and planning therapy. Brief mention will
be made of the alternative diagnoses.

14.1.1 Anatomy

The spine consists of segments comprising a vertebral body,
articulations with adjacent vertebrae and in the thoracic
region with ribs. The sacrum is a specialized segment where
vertebrae are embryologically fused and the whole structure
acts as a part of the pelvic ring. These articulations are at risk
from degenerative and inflammatory disorders.
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Ligaments and muscles bridge vertebral segments and
allow flexion, extension, tilt and rotation. It is useful to think
of a mechanical segment as comprising the vertebra and its
attachments.

The intervertebral disc’s function is to allow the above
movements at the same time as maintaining transverse stabil-
ity. The disc sits at the division of a mechanical segment and is
subject to considerable physical load. The joints between ver-
tebrae must slide and rotate to allow movement. The annulus
fibrosis is bound to the edge of the vertebral body and com-
prises 15-25 concentric layers. Within the disc, the nucleus
pulposus is soft and very hydrated. It transmits hydrostatic
pressure and acts as a buffer between the end plates.

The spine will experience compression, tensile force,
shear force, bending movement and torsional movement.
Normal function of joints, ligaments and muscle spreads
these loads across many segments. However, when disease
intervenes, focal load will increase at adjacent segments
which must move more dramatically to compensate for less
movement at diseased levels. It is therefore common that
symptoms in one part of the spine precipitate pain and dys-
function throughout the vertebral column.

We should not consider the vertebral body to be a simple
building block. It has a trabecular internal structure which
responds to load applied in different ways. The discs distrib-
ute load across the vertebral body, and when they become
degenerate, point pressures may become very much higher
than in the young person’s spine. In older patients, the bone
mineral quantity is reduced often considerably, and these two
processes combine to cause catastrophic collapse presenting
as insufficiency fracture. The combination of osteoporosis
and degenerative disease with mechanical dysfunction are
major factors in this very common disorder.

Ligamentous attachments in the spine are extensive and
complex. Some ligaments restrain the spinal segment from
excessive motion, but others provide integral stability bind-
ing vertebra to disc, most particularly the posterior and ante-
rior longitudinal ligaments. It is easy to underestimate the
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complexity of the ligamentous structures around the sacroil-
iac region; there are anterior and posterior complexes with
deep and superficial layers posteriorly. These envelop the
articulation of the sacrum to the pelvis. The sacroiliac joint
has both fibrous and synovial components and is therefore at
risk in patients with systemic inflammatory disease of joints.

This concept of mechanical activity is very important when
considering disease; it is easy to view the spine as a solid static
structure, but observation and the above descriptions should
make it clear that movement is a primary function and the one
that is most frequently lost in patients who present with pain
and dysfunction. Imaging is currently based on a static descrip-
tion of morphology, and abnormalities of function are more
difficult to determine [1] (Figs. 14.1 and 14.2).

Fig. 14.1 Diagram of morphology of the vertebral supports

Key Point

e The static anatomy must be understood in detail,
and those interpreting images must recognize that
the spine is a flexible and movable structure, and
conventional imaging does not include dynamic
studies.

14.1.2 Degenerative Disease

The degenerative process seems to be an inevitable conse-
quence of ageing. The changes may be observed in the third
decade and progress throughout life. The mechanisms are:

Relatively poor blood supply to the intervertebral discs
Multiple micro injuries to discs

Cartilage wear in the joints

Reduction in the number of chondrocytes

Vascular ingrowth into the disc

Marginal osteophytes on vertebral bodies and joints
Herniation of discs

Osteopenia and osteoporosis

Biomechanical overload due to disease at other segments

XNk LD =

There is a genetic element to the speed of progress of
degeneration probably related to the proteoglycan binding of
collagen fibres. More linkages mean stiffer collagen which is
more brittle; fewer linkages mean softer collagen which is
more likely to tear and displace.

The microtrauma element of degeneration is accelerated
by impact and multiple minor traumatic incidents and there-
fore has an occupational and sporting association.
14.1.2.1 Manifestations of Degenerative
Disease

14.1.2.2 Discs

Small tears within the disc lead to annular tears. A tear may
be seen as a defect in the annulus, containing soft tissue
material which may take on an increased water content.
There is considerable debate as to whether these tears with
high signal material are a cause of localized back pain [2—
4]. Tears with scar tissue and repair produce low MRI sig-
nal. There is also considerable debate over alterations in
water content in the annulus; some regard this as the main
cause of reduced MRI signal on all sequences, but others
believe that scar tissue from microtrauma is a major ele-
ment. The consequence of all these changes is reduction in
pliability and tension within the annulus and a tendency for
disc height reduction. This in turn leads to buckling of the
longitudinal ligaments. Less commonly described in imag-
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Fig. 14.2 Diagram to demonstrate spine movement

ing interpretation but probably a much more important fac-
tor in morbidity is mechanical instability due to loss of
tension within the annulus and laxity of the margins of the
disc. Frank herniation of disc material through tears in the
annulus fibrosis may not only compress adjacent nerve
roots but also releases several chemical irritants including
prostaglandin, tumour necrosis factor alpha (TNFa) and
interleukins [5]. These chemicals may be part of the local-
ized pain response and are potentially toxic to the adjacent
nerves.

The loss of height in an intervertebral disc will in turn
create mechanical instability, and this will lead to osteo-
phytes that may impinge on adjacent nerves [6] (Fig. 14.3).

14.1.2.3 Facet Joints

As for all synovial joints, articular cartilage wear and
mechanical instability lead to osteoarthritis with localized
pain and osteophytes. New bone formation around the joint
may considerably limit movement which in turn places addi-
tional load on adjacent segments. As degeneration is inevita-
bly widespread and extremely common, it may be very
difficult to determine the origin of pain as the presence of
facet joint arthropathy does not predict that pain arises from
this area. Synovial cysts may arise from the joint and may
compress nerve roots. Haemorrhage into the cysts may
increase the pressure. The fundamental problem is that facet
joint disease is very common, and we have no imaging tech-
nique that scans for the origin of pain. The presence of facet

Fig. 14.3 MRI of annular tear

joint changes does not necessarily indicate an origin of pain;
similarly, joints that look relatively normal may be the source
of symptoms. Systems are closely interrelated, and there is
association between muscle atrophy and facet joint disease;
it may be that spine instability is exacerbated by this connec-
tion [7] (Figs. 14.4 and 14.5).
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Fig. 14.4 Facet joint arthritis with a synovial cyst, disc prolapse and
grade 1 spondylolisthesis leading to spinal stenosis

Fig. 14.5 Severe facet joint arthrosis with resultant instability and ret-
rolisthesis of L1 and L2 beginning to impinge on the cauda equina. This
image was taken in the supine position, and the changes will be worse
when the patient stands

14.1.2.4 End Plates

Scheuermann (1877-1960) a Danish surgeon serving in
Copenhagen in 1921 described a condition that he called
osteochondritis deformans [8]. It comprises a deformity of
the end plates, presenting in adolescence, which is now rec-
ognized to be a genetic autosomal dominant end plate dys-

plasia [9]. The main candidate genes are COL2A1 and
COL9A3. It is sometimes called osteochondrosis. It causes
irregularity of the end plates which become prominent when
the vertebral body reaches sufficient maturity, normally in
adolescence. It is uncommon but a potential cause of tho-
racic pain. This may be a factor in later facet joint arthritis
and segmental instability [10] (Fig. 14.6).

14.1.2.5 Pars Interarticularis

Degenerative disorders are uncommon in young people.
However, it might be argued that stress fractures are a form
of degeneration. They are caused by repetitive mechanical
stress. Pars interarticularis stress fractures are common in
young people. Typically, they occur in adolescents who are
undertaking sport or physical activity that places repeated
stress on bone which is not yet mature. MRI demonstrates
bone oedema for some weeks before a stress fracture
occurs. Whilst this is easy to identify in an MR image, it
does require that the observer look specifically at the pars
interarticularis for signal change on either a STIR sequence
or a T2-weighted fat-suppressed sequence (STIR sequences
are more sensitive). This is an important diagnosis to make
because even a few days of additional activity may irre-
trievably fracture the bone. This can lead to a lifetime of
back pain and disability. Strict exercise limitation for
6 weeks followed by a careful rehabilitation can lead to
complete and permanent healing of the stress response
(Figs. 14.7 and 14.8).

Stress of the end plate may lead to the changes described
by Modic et al. which may be characterized by their MRI
signal as bone oedema, fatty infiltration and sclerosis. There
is some evidence that end plate stress changes particularly
those with oedema are linked to back pain [11, 12], but there
is poor evidence to show that lumbar surgery results are
related to the stage of end plate change.

14.1.2.6 Spinal Stenosis

Individuals are born with spinal canals of differing dimen-
sion. Those with narrow canals need very little disc protru-
sion or osteophytes formation to cause pressure on the cord
or cauda equina. Spinal stenosis is when the spinal canal is
rendered too narrow due to disc or joint disease for normal
blood supply to reach the neural structures. Patients will typ-
ically complain of back and leg pain which comes on after
walking (spinal claudication, named after the Emperor
Claudius of Rome who had walking difficulties); this eases
after several minutes’ rest. The disease is progressive and
rarely undergoes spontaneous resolution. Therefore, surgery
is an important treatment method, and imaging is essential in
plotting the extent and severity. There is considerable litera-
ture on the efficacy of surgery, but a recent Cochrane review
suggested that fusion plus decompression was no better than
conventional decompression alone [13] (Fig. 14.9).
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Fig. 14.6 Scheuermann’s disease with irregular endplates in the lower
thoracic spine

Fig. 14.7 (a, b) Unilateral stress response in the right pars interarticu-
laris in a 15-year-old athlete

14.1.3 Imaging

14.1.3.1 Conventional Radiographs

Conventional radiographs of the spine have a principal
role in assessing patients with trauma. This includes
patients suspected of insufficiency fracture. However, it
is now well recognized that they have limited if any value
in the assessment of patients with back pain and are of
minimal value in judging whether degenerative changes
are affecting the patient in a way that might require inter-
ventional techniques. The appearances of advanced anky-
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Fig. 14.8 Severe spondylolisthesis with surgical fusion. This is what
happens when we miss stress response in teenagers

Fig. 14.9 (a) MRI spinal stenosis. Disc disease and facet joint hyper-
trophy lead to severe spinal canal stenosis at .2/L.3 and moderate spinal
stenosis at L3/L4. (b) Shows that the CSF has been completely effaced

losing spondylitis are typical, but it might be argued that
if you are trying to assess the disease at this stage, you
are far too late. National guidance of the United Kingdom
now states that conventional radiographs are not indi-
cated for the investigation of back pain.

14.1.3.2 Computed Tomography

CT is the ideal method of assessing complex fractures and
detecting destructive tumours. It will not demonstrate
inflammatory changes at the early stage when they would
be best treated, and it will not show bone oedema. It is
much less effective than MRI at judging nerve root com-
pression but can be used as an alternative when MRI is
impossible.

14.1.3.3 Magnetic Resonance Imaging

MRI is the workhorse for the assessment and diagnosis of
spinal disease. It is the preferred imaging for patients with
back pain that fails to respond to conservative measures and
those patients who have adverse clinical features or signs
that might suggest infection, tumour or insufficiency frac-

from the spinal canal or the nerves of the cauda equina are squeezed
together
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ture. It is without doubt the best technique for assessing
nerve root compression. Perhaps the only weakness is when
there is metal implanted surgically and despite newer metal
artefact suppression techniques, the image will be distorted
at the level of the metal. MRI has particular strength in
assessing for bone oedema and haemorrhage in acute subtle
fractures.
14.1.3.4 Isotope Bone Scintigraphy and White

Cell Scintigraphy

These techniques have a particular use in patients where pain
is unexplained by MRI or when there are so many abnor-
malities found using MRI that it is uncertain which is the
origin. Increased metabolic activity or white cell accumula-
tion at a particular site may point to this as the most likely
origin of symptoms. The radiation dose and the nonspecific-
ity of the techniques are sufficient to make this a second-line
test rather than a primary investigation.

14.1.3.5 Interventional Techniques
In the assessment of patients with degenerative arthropathy,
disc degeneration and nerve root irritation, local anaesthetic

St Luke's
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Fig. 14.10 Fusion imaging-guided nerve root block

blocks optionally with the use of steroids may allow the
examiner to determine the exact origin of pain. 12 hours of
complete relief after a 1 mL injection of bupivacaine clinches
the origin of the symptoms. Therapeutic interventions
include anaesthetic and steroid blocks to joints or nerve
roots, radiofrequency rhizolysis to denervate facet joints,
laser and radiofrequency disc ablation for disc-generated
pain and percutaneous annuloplasty for symptomatic disc
protrusion and are all potential techniques in the spine.
Sacroiliac joint injections and sacroiliac ligament injections
may help to determine whether the joint or the surrounding
tissues are the origin of pain. Radiofrequency denervation of
the sacroiliac joint may be useful [14] (Fig. 14.10).

Key Point

* Whilst MRI is the primary investigation for many
of those with spine disorders, it is not without its
limitations; conventional radiographs, CT and bone
scintigraphy have an important role as secondary
investigations.
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14.2 Inflammatory Disorders of the Spine
Noninfective inflammation of the spine is a frequent cause of
back pain. It may be caused by spondyloarthropathy (SpA),
rheumatoid arthritis (RA) or other less frequent inflamma-
tory diseases. Inflammatory spondyloarthropathy is often
overlooked on routine reporting. The modern management
of inflammatory properties depends on early diagnosis and
treatment with anti-inflammatory drugs or biologic agents,
and a careful imaging strategy is important to avoid misdiag-
nosis and delayed treatment.

Magnetic resonance imaging (MRI) is the best method of
assessing inflammatory disorders of the spine because it has
high sensitivity and specificity. Conventional radiography,
computed tomography (CT) and scintigraphy can also be
employed to assess some of the inflammatory sites within
both the axial skeleton and have specific secondary
indications.

Key Point
e Early imaging is key to determining effective
treatment.

14.2.1 Imaging Methods in Evaluation
of Inflammatory Spine

14.2.1.1 Conventional Radiographs

Conventional radiographs of the spine will demonstrate bone
morphology, calcification, ossification, large erosions and
spine alignment. However, all of those are late-stage findings
of inflammatory disorders. Consequently, conventional
radiographs have limited value in the initial diagnostic
assessment. It is useful for the clinical follow-up to detect
complications and record progress.

14.2.1.2 Computed Tomography (CT)

CT will not demonstrate inflammatory changes at the early
stage when they would be best treated. Joint erosions, sub-
chondral sclerosis and bony ankylosis are easily detected by
CT examination which for this purpose is far superior to con-
ventional radiographs. CT is the ideal method of assessing
complex fractures, bone lesions, spinal canal stenosis and
articular joints osteoarthritis (facet joints, costovertebral
joints, manubriosternal joints).

14.2.1.3 Magnetic Resonance Imaging (MRI)

MRI is very effective in the early diagnosis of SpA, RA and
also any inflammation of the spine. MRI-specific protocols
for inflammation should be employed, using fluid-sensitive
sequences such as STIR (short Tau inversion recovery) or T2
weighted with fat suppression techniques in sagittal and cor-
onal planes, with adequate signal-to-noise ratio and adequate
field homogeneity. In most high field scanners, a STIR
sequence demonstrates better performance over a T2
weighted sequence. Areas of increased signal on those fluid-
sensitive sequences correlate with oedema or vascularized
fibrous tissue, termed bone marrow oedema (BME).

BME refers to nonspecific MR signal increase of the mar-
row cavity on fluid-sensitive sequences. Depending on cause,
histological examination may demonstrate interstitial haem-
orrhage, organizing granulation tissue, necrosis, fibrosis, cel-
lular infiltrate or reparative microcallus [15, 16]. Alternative
terms include BME pattern, BME-like signal and oedema-
like marrow signal. On T1-weighted images, marrow fat can
be effaced but not entirely replaced, differentiating BME
from malignancy. BME has a similar MR appearance in trau-
matic, degenerative, inflammatory, neoplastic, ischaemic
and idiopathic conditions. In RA, SpA, SAPHO (synovitis,
acne, pustulosis, hyperostosis, osteitis) and CRMO (chronic
recurrent multifocal osteomyelitis), BME indicates inflam-
mation (osteitis, enthesitis).

MRI may also demonstrate sites of old bone marrow
inflammation, when the bone marrow turns into yellow mar-
row with high signal intensity on T1-weighted sequences, a
finding encountered with frequency at anterior vertebral cor-
ners or at sacroiliac joints.

MRI may fail to demonstrate ossification and fusion of
other spinal elements such as the apophyseal joints,
paraspinal ligaments and interspinous ligaments, and it may
not fully identify syndesmophytes. A further weakness of
MRI is that implanted metal will distort the image. This
effect may be minimized with utilizing novel MRI sequences
with artefact reduction capability.
14.2.1.4 Isotope Bone Scintigraphy and White
Cell Scintigraphy and FDG PET/CT
FDG (fluorodeoxyglucose) PET (positron emission tomog-
raphy)/CT (computed tomography) and other methods of
scintigraphy have a specific use in patients where pain is
unexplained by MRI or when there are so many abnormali-
ties using MRI that it is uncertain which is important. The
increased metabolic activity or white cell accumulation at a
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particular site suggests that this is the most likely origin of
symptoms. The radiation dose and the non-specificity of the
techniques are sufficient to make this a second line test rather
than a primary investigation.

14.2.2 Inflammatory Diseases of the Spine

14.2.2.1 Rheumatoid Arthritis (RA)
Rheumatoid arthritis affects the cervical spine primarily.
When that occurs, patients frequently develop anterior atlan-
toaxial subluxation. Abnormalities in the thoracic and lum-
bar spine are relatively rare. Disease onset is most frequent
between the ages of 35 and 50 years [17].

Imaging Findings of RA

Features of spinal involvement in rheumatoid arthritis
include erosive synovitis, ligamentous subluxation and
osteopenia. Synovitis can be well detected with MRI as it
demonstrates increased joint fluid at synovial joints (facet
joints); in addition inflammatory osteitis may be observed
when BME is present. Erosions are better detected with CT
than by MRI or conventional radiography [18, 19].

14.2.2.2 Spondyloarthropathies (SpA)
Spondyloarthropathies are considered autoimmune disease
mediated by antigen/antibody reactions that usually take
place at the attachment of ligaments to bone (enthesitis). The
term enthesitis is reserved for rheumatological disorders that
cause primary entheseal and osseous inflammation which are
hallmarks of spondyloarthropathy [19]. In the spine, this pro-
cess occurs where the collagen of the ligaments (especially
the longitudinal ligaments) or intervertebral disc annulus
enters bone directly. The cause of the inflammatory pro-
cess is the generation of cytokines which results in oedema,
bone erosion, disorganization of bone and ligament structure
which in turn promotes a reactive osteitis and eventually
ossification of the ligaments starting at the enthesis interface.

SpA include ankylosing spondylitis, psoriatic arthritis,
reactive arthritis, enteropathic SpA and undifferentiated
SpA. The seronegative spondyloarthropathies can be further
categorized based on the imaging findings correlated with
the clinical features and laboratory findings. Early diagnosis
is key as disease-modifying drugs and physical therapy
should be commenced as early as possible.

14.2.2.3 Ankylosing Spondylitis (AS)

This inflammatory disorder is the most frequent seronega-
tive inflammatory spinal disease in adults and the prototype
for other members of the spondyloarthropathies [20]. The
prevalence of this disorder is estimated at 0.1-0.2% in the
general population. Ankylosing spondylitis primarily

affects young males, with a male-to-female ratio between
4:1 and 10:1. The mean age of presentation is 26 years. The
HLA-B27 gene (human leukocyte antigen B27) is present
in 95% of patients, but only a small percentage of all indi-
viduals positive for HLA-B27 actually develop the disorder
[21].

AS typically begins in the sacroiliac joints and then
affects the thoracolumbar and lumbosacral regions of the
spine. Eventually, the spine becomes completely rigid, with
loss of its normal curvatures and movement. Untreated, the
disease will progress to bony ankylosis of joints which ren-
ders the spine at risk of transverse fractures following rela-
tively minor injury. In the late stage, squaring of the vertebral
bodies is a characteristic feature of AS and is caused by a
combination of corner erosions and periosteal new bone for-
mation along the anterior aspect of the vertebral body.
Further inflammation is associated with formation of syndes-
mophytes: ossifications of the outer fibres of the annulus
fibrosus that form bony bridges between the inflamed cor-
ners of adjacent vertebrae. Ossification also occurs within
the fibres of the adjacent paravertebral connective tissue and
of the posterior interspinous ligaments. Complete fusion of
the vertebral bodies by syndesmophytes and related ossifica-
tion produces the “bamboo spine” where the bone mimics a
bamboo cane with segments of thickening. Fractures in AS
usually occur at the thoracolumbar and cervicothoracic junc-
tions where the biomechanical load is greatest. Spinal frac-
tures are characteristically transverse (i.e., horizontal) rather
than vertical or oblique and are called “chalk stick” or
“banana” fractures. This is because these items will break
transversely if bent.

There is considerable confusion in the literature about the
difference between pseudarthrosis and discovertebral lesions.
The Andersson lesion occurs where there is inflammatory
involvement of the intervertebral disc; this may resemble
disc infection. Excessive movement may occur at this level
of destruction. This condition may develop spontaneously
without any trauma. An advanced Andersson lesion is some-
times termed pseudarthrosis. However, pseudarthrosis may
also occur when there has been a transverse fracture through
bone and failure to unite. There are therefore three different
groups of pseudarthrosis:

1. Localized lesions that always are of inflammatory origin
and affect the disc space.

2. Extensive lesions without a fractured posterior element
due to a combination of inflammatory and mechanical
factors; they always are trans-discal and are associated
with unfused facet joints.

3. Extensive lesions with fractured posterior elements
resulting from mechanical fractures which may be trans-
discal or trans-vertebral.
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On balance, the term pseudarthrosis is best reserved for
ununited unstable transverse fractures of bone, whilst
Andersson lesions (discovertebral lesions) are potentially
unstable disc spaces that do not involve the osseous
skeleton.

14.2.2.4 Psoriatic Arthritis

This is a unique inflammatory arthritis associated with pso-
riasis. Among patients with psoriasis, the prevalence of
inflammatory arthritis varies from 6% to 42% [22].

14.2.2.5 Reactive Arthritis (Reiter Syndrome)

This is an acute non-purulent seronegative arthritis that com-
plicates an infection elsewhere in the body and can also be
associated with the HLA-B27, but this gene is not always
present in affected individuals. The peak onset is between 15
and 35 years. An estimated 1-3% of all patients with a non-
specific urethritis develop an episode of arthritis. Chronic
arthritis or sacroiliitis occurs in 15-30% of patients [23]. The
knee is most commonly affected followed by the ankle, small
peripheral joints and sacroiliac joints. Some patients develop
enthesitis (especially the calcaneus at attachment sites of the
Achilles tendon and plantar fascia), dactylitis, urethritis and
conjunctivitis. Diagnosis is based on clinical and laboratory
findings. In chronic reactive arthritis (>6 months), radio-
graphs may show signs of inflammatory arthritis or sacroili-
itis. In earlier stages, MR and US (ultrasound) demonstrate
nonspecific synovitis, asymmetric sacroiliitis and calcaneal
enthesitis.

14.2.2.6 Enteropathic SpA

This condition occurs in patients with inflammatory bowel
diseases (IBDs) and other gastrointestinal diseases, such as
Whipple’s disease (WD), celiac disease (CD) and intestinal
bypass surgery [24].

14.2.2.7 Undifferentiated SpA
This term used to describe symptoms and signs of spondyli-
tis in someone who does not meet the criteria for a definitive
diagnosis of AS or a related disease.

14.2.2.8 Juvenile SpA

A term used to classify both differentiated and undifferenti-
ated forms of SpA disorders that begin at 16 years of age or
younger.

14.2.3 Imaging Findings
of Spondyloarthropathy

14.2.3.1 Spondylitis

Inflammation of the vertebral body (spondylitis) is due to
enthesitis at the insertion of the annulus fibrosus on the
ring apophysis of the vertebral end plate predominantly at
the anterior attachment where there are usually the more
florid manifestations. Erosions with reactive sclerosis in
the vertebral corners are seen radiographically and have
been referred to as “Romanus lesions” when viewed as ero-
sions, and “shiny corners” when the erosion is associated
with sclerosis. The Romanus lesions resolve by producing
syndesmophytes (ossification of the outer fibres of the
annulus fibrosus). When it progresses to involve multiple
segments, it can produce the characteristic “bamboo spine”.
The same inflammatory process results in ossification of
the longitudinal ligaments which insert onto the vertebral
bodies producing squaring of the vertebral body as the
fusion progresses.

MRI is the most sensitive diagnostic tool for the identifi-
cation of discovertebral inflammatory disease when BME is
present. The Romanus lesions are identified on the sagittal
sequences and characterized by a triangular pattern of BME
at the corners of the vertebral end plates highlighted by low
T1 signal and high T2 fat-sat and STIR sequence appear-
ance. The small erosion may be overlooked when compared
with the areas of BME. After the acute Romanus lesion phase
subsides, the chronic lesions are identified by a fatty marrow
replacement at the sites of enthesis inflammation within the
vertebral bodies, highlighted by a high T1 signal and a low
signal on STIR and T2-weighted fat-saturated sequences.
The intervertebral disc in cases of long-term spinal fusion can
also undergo changes with high T1 signal, due to the pres-
ence of calcification or ossification. Contrast agent-enhanced
MRI studies and diffusion-weighted MRI sequences can be
useful in cases where the STIR images are equivocal but is
usually unnecessary when STIR or T2-weighted fat satura-
tion are well performed [25] (Fig. 14.11).

14.2.3.2 Spondylodiscitis (Aseptic)
Primary Spondylodiscitis (Andersson Type A Lesions)

This disorder resembles Schmorl’s nodes exhibiting a rim of
oedema within the vertebral body, a focal end plate defect
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Fig. 14.11 (a) Sagittal TIl-weighted MR image demonstrating strating high signal of Romanus lesions with active inflammation. (d)
Romanus lesions at L.2 and T12 vertebral bodies, with low and high ~ Coronal STIR sequence demonstrating signs of bilateral asymmetric
signal, respectively. (b) Sagittal T2-weighted MR image demonstrating  active inflammatory sacroiliitis

both high signal Romanus lesions. (¢) STIR sagittal MR image demon-
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and enhancement of the marrow oedema. Anderson type A
lesions are usually a sign of early discovertebral involvement
with a stable spinal status.

Secondary Spondylodiscitis (Andersson Type B

Lesion)

This condition shows more extensive and florid discoverte-
bral disease and destruction. These are particularly well
demonstrated on CT and MRI. The degree of vertebral
destruction is usually mild, but there is often extensive bony
oedema and bony sclerosis, and in long established cases the
end plates can be completely destroyed on both sides of the
intervertebral disc. In Andersson type B lesions, the spine is
unstable at the site of involvement due to increased mobility.
This increased mobility could be at a level between fused
segments or be associated with deficiency of the posterior
elements where there is a pseudoarthrosis due to a fracture
[25] (see above Hardy pseudarthrosis versus discovertebral
disease) (Fig. 14.12).

Costovertebritis

This is a very typical finding of spondyloarthropathy usually
starting in the lower thoracic spine. The inflammatory pro-
cess with soft tissue oedema and bone oedema is seen in the
costovertebral joints best seen on sagittal images. These are
often overlooked when reporting MRI examinations because
the slices showing the disease process are at the margin of
the vertebral column.

Sacroiliitis
Sacroiliitis is a hallmark of all spondyloarthropathies. In AS
and enteropathic SpA, it is usually bilateral and symmetrical,
whilst in psoriatic spondyloarthropathy and reactive arthritis,
it may be bilateral or unilateral. Involvement of the axial
skeleton is not unusual in the absence of sacroiliitis, espe-
cially with the use of high-quality fluid-sensitive sagittal
STIR and T2-weighted fat saturation sequences.
Conventional radiography has low sensitivity and rela-
tively high false-negative rate in early disease. Early inflam-

Fig. 14.12 (a) Sagittal T1-weighted MR image demonstrating Andersson lesions at L4-L5 level, with low signal. (b) Sagittal STIR demonstrat-
ing BME of Anderson inflammatory spondylitis
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matory sacroiliitis is very difficult to access. Sclerosis of the
subchondral bone on either side of the joint is fairly diagnos-
tic in established disease and is more pronounced on the iliac
side unlike infection of the sacroiliac joint which affects both
sides equally. In established disease, the sacroiliac joint may
also exhibit loss of sharpness due to ossification across the
joint leading to ankylosis. The relatively late development of
radiographic changes in ankylosing spondylitis is one reason
for delay in diagnosis.

MR imaging has revolutionized the early diagnosis of sac-
roiliitis. This is primarily dependent on osteitis, an important
feature of ankylosing spondylitis, which produces BME which
iseasily detected upon sensitive sequences such as T2-weighted
sequences with fat suppression or the STIR sequence. The
T1-weighted spin-echo sequences are better at depicting artic-
ular erosions. The degree of the oedema may vary ranging
from florid, fairly extensive areas of periarticular oedema to
more focal and localized zones of oedema paralleling the joint
line. It is usually the inferior iliac portion of the joint that is
involved in the early stages of sacroiliac inflammatory change
as this is the sign of your component of the sacroiliac joint
early commitment. Contrast agent enhancement can be useful
if the oedema-sensitive sequence (STIR) is equivocal. CT is
preferred for the detection of very early erosions of the sacro-
iliac joints and their early ankylosis.

Key Point

» Comprehensive imaging is an essential element of
the diagnosis, but the conclusion will depend on the
combination of imaging, clinical history and labo-
ratory investigations.

14.2.4 Complications of Inflammatory Joint
Disease

The most important spinal complications in ankylosing
spondylitis are osteoporosis, fracture, instability, cauda
equina syndrome and spinal stenosis.

Osteoporosis increases in prevalence directly with
increased patient age, increased severity of spinal involve-
ment, increased disease duration and peripheral arthri-
tis. Bone fragility associated with osteoporosis obviously
increases the chances of vertebral compression fractures,
posterior element fractures, pseudoarthrosis and unstable
fractures from relatively minor trauma. The treatment of
inflammatory arthropathy may accelerate osteoporosis.

Fractures of the cervical spine may occur after a minor fall
or injury to the head and neck. Typically, the conventional
radiographs show a chalk stick type of break either through
the disc or the vertebral body anteriorly and horizontally

through the posterior fused elements. A common spinal loca-
tion for fracture is the thoracolumbar and cervicothoracic and
lastly the lumbosacral junction. Any ankylosing spondylitis
patient suffering minor trauma who complains of pain should
have advanced imaging preferably by CT, as this will be most
sensitive in detecting what are often very subtle but grossly
unstable injuries. There should be a very low threshold for
performing CT examinations with ankylosing conditions of
the spine even after very mild trauma (Fig. 14.13).

Cauda equina syndrome is a rare but specific complica-
tion following long-standing ankylosing spondylitis. It
invariably occurs in a fused spine and is most common in the
lumbar region. Dural ectasia is common, resulting in ero-
sions of primarily the posterior neural arch. This is best
assessed by CT or MRI. MRI will show enlargement of the
spinal canal with arachnoid diverticulae, erosion of the lami-
nae and adherent nerve roots.

Spinal stenosis can be observed with ossification of the
longitudinal ligament and the ligamentum flavum.
Neurological deficit in patients with AS could have a number
of causes, but C1-C2 subluxation, fracture, pseudoarthrosis,
ligamentous ossification and cauda equina syndrome are the
most common.

Key Point

e In ankylosing spondyloarthropathy, fractures may
occur with minor trauma and are frequently severely
unstable. Early cross-sectional imaging is essential in
these cases which may be very difficult to interpret.

14.2.5 Other Inflammatory Diseases That
Could Affect the Spine

14.2.5.1 SAPHO

SAPHO syndrome represents a rare inflammatory dis-
order involving the bone, joints and skin. The acronym
refers to synovitis, acne, pustulosis, hyperostosis and
osteitis. Although the aetiology is probably autoimmune,
Cutibacterium acnes infection may activate the process in
some cases. Cultures are usually negative, and biopsy shows
sterile, nonspecific osteitis without sequestrum formation.
SAPHO has been associated with axial spondyloarthropa-
thy and CRMO, a childhood variant of chronic nonbacterial
osteomyelitis (CNO). In adults, commonly involved sites
include the sternocostoclavicular complex followed by the
spine and sacroiliac joints. Radiographs and CT demon-
strate erosive costoclavicular ankylosis, osteosclerosis and
thick periosteal reaction of the clavicle and first rib. Bone
scintigraphy shows the “bull’s head sign” (avid uptake of
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Fig. 14.13 (a) Sagittal T2-weighted MR image of cervical spine dem-
onstrating multiple levels of bone fusion by AS from C3 to C6 with
ossification demonstrated as low signal at disc space and spinal stenosis
at C3—C4. (b) STIR sagittal MR image demonstrating myelopathy at

99mTc-methylene diphosphonate by the sternomanubrial
and bilateral sternocostoclavicular regions). In polyostotic
disease, bone scintigraphy, PET and whole-body MRI are
valuable for skeletal screening to identify sites of active oste-
itis. MRI can demonstrate early osteitis, synovitis, enthesitis,
spondylodiscitis and sacroiliitis. In children and adolescents,
long bone metaphases are commonly involved. Differential
diagnosis includes osteomyelitis and malignancy.

14.2.5.2 Sarcoidosis

Sarcoidosis is a systemic granulomatous disease of unknown
cause that has been shown to affect nearly every body sys-
tem. Osseous involvement occurs in 1-13% of patients, typi-
cally in the small tubular bones of the hands and feet.
Sarcoidosis is usually treated with corticosteroid [26].

14.2.5.3 Crystal Deposition Disorders

In crystal deposition disease, collections of crystal may be
found in musculoskeletal tissues in asymptomatic individu-
als. In others these deposits may produce severe pain and
profound symptoms. This systemic disease associated with

C3—C4 level and high signal of active inflammation (Anderson lesion)
of spondylitis process, as well as thick and increase signal of the ante-
rior longitudinal ligament

some crystal disorders may be occult, and musculoskeletal
deposits may be the presenting feature.

The common crystal-related deposition disorders are cal-
cium pyrophosphate dihydrate (CPPD), hydroxyapatite and
monosodium urate deposition. MRI and CT examination
features include (a) location (discs, hyaline cartilage and
fibrocartilage, ligaments, bone, synovial membrane), (b)
morphology (size, soft tissue signal characteristics), (c) sur-
rounding tissue signal change and (d) arthritis (bone, syno-
vial membrane). There are different patterns with individual
diseases.

CPPD crystal deposit can be found with a high fre-
quency in older people in the discs, hyaline cartilage and
ligaments. Calcification in the spinal ligaments especially
around the odontoid process is common. Focal calcifica-
tions forming conglomerates around joints like tophaceous
gout may be also seen. It is often seen in women >80 years
old (“disease of octogenarians”). Intervertebral disc CPPD
crystal deposits can be found in asymptomatic individuals
but in some more rare cases can cause destructive disc
disease.
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Calcium hydroxyapatite crystals (HA) deposits also
can be found in the spine in asymptomatic individuals,
often intradiscal. At high calcium concentrations (above
30-40%), MRI susceptibility defects and decreases in pro-
ton density dominate, leading to signal intensity reduction.
However, T1 shortening defects resulting in hyperintensity
on T1-weighted images may also be present. They have been
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attributed to surface interaction of protons with calcified tis-
sue. At lower concentrations of calcium, T1 shortening effect
dominates, resulting in isointensity or even hyperintensity.
Gradient echo sequences best show these calcific foci, but
the gold standard confirmation is made with CT. The deposi-
tion of HA may mimic an acute inflammation (Figs. 14.14
and 14.15).

Fig. 14.14 Longus colli muscle insertion calcification by hydroxyapatite crystal deposition demonstrated with (a) sagittal T1-weighted MR
image, (b) sagittal T2-weighted MR image, (¢) CT sagittal CT reformat and (d) CT 3D reconstruction
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Fig. 14.15 Migration of hydroxyapatite crystal deposition into vertebral body of L4 causing spondylitis demonstrated with (a) FDG PET/CT, (b)

sagittal T1-weighted MR image and (c¢) CT sagittal CT reformat

Monosodium urate monohydrate crystals or uric acid
deposits into tissues may cause gout. It happens when hyper-
uricemia is above 6-7 mg/dL. Gout is the most common
inflammatory arthritis in men over the age of 30 year but is
uncommon in the spine. The radiographic findings of gout do
not occur until the disease has been present for at least 6 or
more years. In the acute phase, MRI findings are joint effu-
sion and synovial thickening although these are nonspecific
signs. Gouty tophi can be found in rare cases in the spine
arising from facet joints. They are mostly of low or intermedi-
ate signal intensity on T1-weighted images with variable
gadolinium enhancement. The imaging findings of tophi on
T2-weighted images are variable. Calcification, fibrosis or
hemosiderin can occur within the tophi. With dual source
computed tomography, the uric acid deposits can be differen-
tiated with considerable accuracy and high imaging contrast.

Key Point
* Inflammatory disease of the spine is not confined to
ankylosing spondylitis.

14.3 Concluding Remarks

Degenerative and inflammatory disease of the spine may
overlap in their signs and symptoms. There is a wide range
of disorders, and radiologists must have a comprehensive
knowledge of the presentation of these diseases. Imaging is
now key in the critical stages of management, for example,
in assessing spinal stability and helping to determine treat-
ment with powerful anti-inflammatory drugs. MRI is the
primary investigation in many spine disorders, but conven-
tional radiographs and CT are more important first-line
techniques in trauma. There will be occasions when a com-
bination of imaging is required to make a precise and safe
diagnosis.

Take Home Message

e Those who undertake reporting of spinal disorders
using any imaging technique must have a compre-
hensive knowledge of disease processes, their
symptoms and imaging signs.
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William B. Morrison and Mark J. Kransdorf

Learning Objectives

e The reader will learn the advantages of various
imaging modalities for musculoskeletal infection.

e The reader will review imaging appearances of
manifestations of infection on radiologic exams.

* The reader will incorporate current recommenda-
tions for terminology regarding musculoskeletal
infection.

e The reader will understand mimickers of infection
to help generate a differential diagnosis.

15.1 Introduction

Diagnosis of infection can be challenging clinically, based
on a number of factors including location, organism, and
mode of spread. Other entities can simulate infection clini-
cally or radiologically. Radiologic examinations can improve
patient care, if applied appropriately early in the disease pro-
cess. However, misdiagnosis or delayed diagnosis can lead
to poor outcomes. This article discusses the advantages and
disadvantages of imaging modalities, the imaging appear-
ance of various types, and manifestations of infection, as
well as complicating factors and entities that can simulate
infection.

W. B. Morrison (<))

Department of Radiology, Thomas Jefferson University Hospital,
Philadelphia, PA, USA

e-mail: William.morrison @jefferson.edu

M. J. Kransdorf
Department of Radiology, Mayo Clinic, Scottsdale, AZ, USA
e-mail: Kransdorf.mark @mayo.edu

© The Author(s) 2021

15.2 General Principles
15.2.1 Routes of Infection

There are three routes for introduction of infection around
the body: hematogenous, direct implantation, and contigu-
ous spread [1, 2]. Hematogenous spread is the most com-
mon cause of osteomyelitis in most areas of the body,
including the spine. Direct implantation is relatively com-
mon in the hands and feet (i.e., puncture wounds, penetrat-
ing trauma) and in various areas of the body as a result of
open surgery and percutaneous procedures. Contiguous
spread is related to transmission of infection through the
skin or from adjacent tissues. The most common clinical
scenarios involving contiguous spread of infection include
diabetic pedal infection and pelvic osteomyelitis in para-
lyzed patients.

Key Points

e Three routes for MSK infection: hematogenous,
direct implantation, and direct spread.

e Most common: hematogenous spread.

 In diabetic patients and paralyzed patients, contigu-
ous spread is important.

15.3 Modalities
15.3.1 Radiography

For patients with clinical suspicion of infection, radiographs
are typically the initial radiologic examination acquired [3,
4]. Early infection in the extremities is seen as soft tissue
swelling, representing cellulitis. However, this finding is
nonspecific. In more central locations such as the sacroiliac
joints, soft tissue swelling is obviously not as sensitive.
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Septic arthritis is characterized in the early stages by joint
effusion. Depending on location (i.e., deep joints), effusion
may not be detected radiographically. As the disease pro-
gresses, erosions and joint space narrowing representing
chondrolysis are observed. Finally, with onset of osteomy-
elitis, frank bone destruction is seen. Periosteal reaction may
be seen in later stages. Radiographic changes of osteomyeli-
tis can be delayed as much as 2 weeks after onset of infec-
tion. Overall, radiographs are insensitive to osteomyelitis in
early stages and cannot determine the extent of involvement
of osseous or soft tissue disease. Therefore, whether nega-
tive or positive, additional imaging is necessary. Despite low
utility for diagnosing osteomyelitis, the wide availability
and excellent overview of anatomy make radiography excel-
lent for follow-up examinations; evaluation of postoperative
changes; identification of soft tissue calcification, gas, and
foreign bodies; and characterization of the pattern and dis-
tribution of arthritis, including neuropathic osteoarthropathy.

15.3.2 Computed Tomography

CT provides similar findings on radiographs but with more
anatomic definition [5]. If intravenous contrast medium is
administered, soft tissue enhancement reflecting cellulitis
and rim-enhancing fluid collections indicating abscess for-
mation can be detected. In later stages of infection, as osteo-
myelitis sets in, periostitis and rarefaction of bone will be
seen. Eventually, frank bone destruction ensues. Joint effu-
sion, articular narrowing, and marginal erosions indicate
septic arthritis. Determining the extent of involvement within
the bone as well as in the soft tissues remains limited with
CT. Given these limitations as well as associated expense, its
use as a clinical tool for this purpose is limited. However, if
anatomic information is needed and MRI cannot be obtained,
or if there are metal implants, CT may be useful [6].

15.3.3 Ultrasonography

The use of a high-frequency transducer offers excellent
depiction of soft tissue anatomic detail, and ultrasonography
can be useful for answering specific questions, such as
whether there is an infected fluid collection in the subcutane-
ous tissues [7]. Abscesses and effusions are seen as focal
regions of hypoechogenicity often with complex internal
characteristics. Joint effusions and tendon sheath fluid can be
detected, but these findings are common in the absence of
infection. Power Doppler can demonstrate hyperemia of the
synovium and surrounding tissues, suggestive of inflamma-
tion. Although ultrasonography cannot visualize the marrow
compartment, a focused examination can demonstrate corti-
cal breakthrough and periosteal elevation. Owing to avail-

ability of other modalities that offer a more comprehensive
evaluation, the use of ultrasonography for this purpose is
limited.

15.3.4 Magnetic Resonance Imaging

MRI is the imaging modality of choice for evaluation infection
[8, 9]. Soft tissue and bone marrow pathology can be detected
with high sensitivity. High contrast between different tissue
types as well as inflammatory versus non-inflammatory tissue
combined with anatomic definition has made this modality
useful to surgeons interested in acquiring a “road map” of
pathologic tissue before surgery. Additionally, with intrave-
nous contrast administration, it is possible to identify abscesses
and extension of phlegmonous tissue and to evaluate areas of
devitalization that may require debridement [10, 11].

15.3.5 Nuclear Medicine

Three-phase bone scintigraphy and labeled leukocyte imag-
ing are the most commonly performed radionuclide tests in
the evaluation of pedal infection [12, 13]. Although the
three-phase bone scan is sensitive for detecting osteomyeli-
tis, many conditions in the diabetic foot demonstrate focal
hyperperfusion, hyperemia, and bony uptake, mimicking
infection, and, consequently, specificity is low. When there is
no increased uptake, the test is excellent for excluding the
presence of osteomyelitis, except in the setting of severe vas-
cular disease. Labeled white blood cell examination has
higher specificity and is generally interpreted in conjunction
with the three-phase bone scintiscan.

The uptake in three-phase bone scintigraphy using
99mTc-labeled methylene diphosphonate is related to blood
flow and osteoblastic activity. Localized bone uptake on the
delayed third phase is nonspecific, but if all three phases are
positive with clinical suspicion of infection, the test is highly
sensitive for diagnosis of osteomyelitis. Cellulitis, abscess,
and other soft tissue infections show increased uptake on the
initial blood flow and second blood pool phases that fail to
concentrate in bone on the third phase. Occasionally, and
especially, in ischemic feet, there is persistent blood pool
activity which can be suspected if there is poorly defined
tracer distribution. Residual bony uptake on a fourth phase,
acquired after 24 h, can help distinguish osteomyelitis from
overlying cellulitis in this setting. Severe ischemia results in
photopenia or relative lack of uptake and chronic osteomy-
elitis, or partially treated infection may not show characteris-
tic uptake on the first two phases resulting in false-negative
examinations [12, 13]. Persistent radiotracer uptake may be
seen with treated osteomyelitis. Bone turnover and hyper-
emia caused by neuropathic osteoarthropathy, trauma, recent
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surgery, or inflammatory arthropathy can appear similar to
infection, leading to a false-positive examination. Specificity
is lower as a result of vascular insufficiency and complicat-
ing neuroarthropathy. In the setting of underlying complicat-
ing conditions, where there is nonspecific uptake on the
delayed phase, corresponding uptake on a labeled white
blood cell scan increases specificity.

White blood cell scanning is based on accumulation of
labeled leukocytes in infected tissue with reported sensitivity
and specificity ranging from 75% to 100% and 69% to 100%,
respectively. Combined with three-phase bone scintigraphy,
specificity increases to 90% to 100%. Focal uptake in the
foot, without appreciable amounts of red marrow, is gener-
ally indicative of infection. It may be difficult to separate soft
tissue from bone infection, both of which will accumulate
leukocytes. Corresponding delayed uptake on a three-phase
bone scintiscan can make the diagnosis of osteomyelitis.
False negatives may be seen with prior antibiotic treatment
and ischemia. Noninfectious inflammatory conditions such
as rheumatoid arthritis and hyperemic conditions such as
acute neuropathic disease can occasionally show increased
uptake, a false positive.

15.3.6 Positron Emission Tomography
and Cross-sectional Imaging

18-F-FDG positron emission tomography (PET) combined
with CT (PET/CT) has shown promise for imaging infection,
related to increased metabolism of glucose in areas of inflam-
mation [14]. The high resolution of PET is a significant
advantage over bone and labeled leukocyte imaging.
However, to date, limited data exist to test its efficacy in the
diabetic foot and the jury is still out. Hybridization of PET
with MRI (PET/MRI) is emerging as a new tool to provide
important diagnostic information, with data predominantly
limited as of yet, to oncological applications. Perhaps, in the
future hybridization techniques may play a useful role in the
evaluation of diabetic foot infection.

Key Points

e Radiographs: inexpensive, widely available; good
for initial screening, follow-up.

* Ultrasound: limited use; best for answering specific
questions, evaluating for soft tissue pathology such
as abscess, tendon involvement.

e CT: usually reserved for bone biopsy localization.

* MRI: generally the test of choice for diagnosis and
evaluation of extent for surgical planning.

e Nuclear medicine: limited anatomic information;
can be used when MRI is contraindicated.

15.4 Imaging Manifestations of Infection

15.4.1 Cellulitis

Cellulitis is seen as replacement of the normal fat signal in
subcutaneous tissues on T1-weighted images, with high sig-
nal (though less than fluid) on T2-weighted or STIR images
and diffuse enhancement after contrast agent administration,
with swelling and loss of fat density on CT [1, 5,9, 11]. The
margins are typically poorly defined. Abscesses appear as a
focal collection of signal approximating fluid on T2-weighted
or STIR images, with thick rim enhancement on post-contrast
T1-weighted images. Sinus tracts are characterized by a thin,
discrete line of fluid signal extending through the soft tissues
with enhancement of the hyperemic margins. Sinus tracts are
visualized as linear tracts of fluid signal or parallel lines of
enhancement in a “tram-track” configuration.

15.4.2 Septic Arthritis

Septic arthritis results from seeding of microorganisms, usu-
ally bacteria, either with direct inoculation or more com-
monly hematogenously [15]. The risk for joint infections is
related to IV drug use, immunocompromised state, and diag-
nostic and therapeutic injections. The earlier the diagnosis,
the lower is the risk for irreversible destruction of the articu-
lar cartilage. The clinical and serologic findings are sugges-
tive of pyogenic septic arthritis which is established with
drainage and culture. The role of imaging is secondary and is
mainly related to suggest a clinically unsuspected septic
arthritis. Absence of joint effusion on US shows a high nega-
tive predictive value. Radiographs cannot exclude septic
arthritis. The earliest radiographic findings are soft tissue
swelling and joint effusion which lack reproducibility and
are nonspecific. MRI findings suggesting septic arthritis
include joint effusion, synovial thickening, and surrounding
soft tissue changes such as fasciitis and myositis (Fig. 15.1).
Contrast administration may show diffuse synovitis and soft
tissue abscess formation. Limited subchondral bone marrow
edema is usually reactive, whereas diffuse marrow edema,
particularly if obvious on T1-weighted images, is suggesting
osteomyelitis [16]. Although sensitive, MRI lacks specificity
as most of the above described findings may be seen in
inflammatory joint disease as well [17].

Rapid development of effusion in infected joints can
cause intense capsular and pericapsular soft tissue edema on
MR imaging (“angry effusion”), which can help differentiate
bacterial septic arthritis from chronic arthropathies in which
capsular expansion is more gradual.

Tuberculous arthritis has a more chronic course com-
pared to pyogenic arthritis and is common in endemic areas,
but in developed countries, it is seen in immunosuppressed
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Fig. 15.1 A 35-year-old male patient with right lower back pain for
2 weeks; recent onset of right sciatic pain. Low-grade fever. Aspiration-
proven Staphylococcus aureus septic sacroiliitis. Coronal STIR image
(a) shows fluid signal within the joint (arrowhead) with distension of

patients, immigrants, and elderly patients. Tuberculous
arthritis is considered to occur secondarily to hematoge-
nously induced osteomyelitis, is mostly monoarticular with
the hip being involved up to 15%, and if untreated results
in joint destruction [18, 19]. Establishment of diagnosis is
not possible based on imaging findings alone. The Phemister
triad refers to the presence of periarticular osteopenia,
peripheral erosions, and gradual joint space narrowing
on radiographs. Minimal subarticular sclerosis, soft tissue
swelling, osteolysis, and minimal periosteal reaction may
also be seen [18, 19]. Joint space will be narrowed late in the
course of the disease. Effusion and synovial hypertrophy are
seen on MRI and are indistinguishable from those seen in
other arthropathies. Sacroiliac joint involvement may show
abscesses, often calcified, and are best appreciated with CT.

Patients with joint effusion and clinical suspicion of sep-
tic arthritis should undergo image-guided aspiration of the
fluid with fluoroscopy, ultrasonography, or CT, depending
upon the individual joint involvement and the body habitus
of the patient.

15.4.3 Osteomyelitis

Osteomyelitis is characterized by altered bone marrow sig-
nal, with low signal (loss of the normal fat signal) on
T1-weighted images, edema signal on T2-weighted or STIR
images, and enhancement on postgadolinium T1-weighted
images (Fig. 15.2). Other MRI findings in cases of osteomy-
elitis include cortical disruption and periostitis. Periostitis is
seen as a thin, linear pattern of edema and enhancement sur-

the joint recesses superiorly and inferiorly (arrows), the latter extending
into the sciatic notch. Note surrounding soft tissue edema representing
inflammation. Coronal T'1-weighted fat-suppressed post-contrast image
(b) shows rim-enhancing abscesses (arrows) in the gluteus musculature

rounding the outer cortical margin that will appear thickened
if the periostitis is chronic [2-5, 8-10].

Recognition of abnormal bone marrow signal in the
appropriate clinical setting results in high sensitivity for
diagnosis of osteomyelitis. Other entities can mimic this
alteration in signal, including fracture, tumor, active inflam-
matory arthritis or neuropathic disease, infarction, or recent
postoperative change. However, these other processes usu-
ally have different morphology than osteomyelitis and rec-
ognition of these patterns often enables differentiation. For
example, identification of a fracture line, a discrete lesion,
adjacent arthritis or neuropathic disease, or postoperative
metal artifact improves specificity. Correlation with radio-
graphs and clinical history is also important. Additionally,
over 90% of the time, osteomyelitis of the foot and ankle is a
result of contiguous spread through the skin with the major-
ity of cases demonstrating skin ulceration, cellulitis, soft tis-
sue abscess, or a sinus tract. These findings can be thought of
as “secondary signs” of osteomyelitis, recognition of which
improves specificity [10, 11].

In a significant proportion of cases, the MR imaging find-
ings are not “classic”; this has been reported in cases of soft
tissue ulceration and adjacent bone marrow edema but with
absence of fat replacement on TI1-weighted images. This
appearance has been referred to as “osteitis”—a nebulous
term that has been defined differently by different authors
(Fig. 15.2). A recent white paper from the Society of Skeletal
Radiology (in press) recommends against use of this term,
instead describing likelihood or risk of underlying osteomy-
elitis or progression to frank bone infection. The idea is that
“reactive edema” can occur in the bone marrow adjacent to a



15 Infection

219

Fig. 15.2 A 58-year-old woman with poorly controlled type 1 dia-
betes and early osteomyelitis. Coronal T1-weighted MR image (a)
of the midfoot shows deep ulceration (arrowhead) adjacent to the 4th
and 5th metatarsal bases. Underlying bone marrow signal appears
normal (arrows) on TI1-weighted images. Coronal (b) and axial (c)
T2-weighted fat-suppressed images show the ulcer (arrowheads) with

soft tissue infection, and this does not necessarily mean that
there is a bone infection. If the T1 signal is normal, there is a
lower probability of osteomyelitis than if the fat signal is par-
tially or completely replaced (high probability). In addition, if
there is close proximity to a surface ulcer and the ulcer abuts
the bone, any T2 marrow signal should be considered suspi-
cious for early osteomyelitis. Expressing findings in terms of
probability helps standardize therapeutic algorithms.

15.4.4 Chronic Osteomyelitis

Chronic osteomyelitis can have additional findings. Chronic
manifestations of osteomyelitis include bone sclerosis, sinus
tracts, abscesses (in soft tissue or bone), and devitalized
areas; devitalized bone is called a sequestrum. The impor-
tance of a sequestrum (as well as devitalized soft tissue) is
that intravenous antibiotics may not reach these areas, lead-
ing to persistent infection.

15.4.5 Abscess and Phlegmon

Abscess can occur in acute or chronic infections, often with
sinus tracts connecting areas of infection with collections
[1-5, 7]. Abscesses are seen as complex fluid collections on
MRI with rim enhancement following contrast administra-
tion. A “phlegmon” is a mass-like region of infection without
liquefaction. Chronic, smoldering intra-osseous abscess in a

soft tissue edema representing cellulitis. Bone marrow edema is present
(black arrows) in the metatarsal bases (compared to normal marrow
signal in the cuneiform bones (white arrows)). Considering proximity
to soft tissue ulceration and cellulitis, this should be reported as suspi-
cious for early osteomyelitis (i.e., not osteitis)

pediatric population is referred to as a Brodie abscess
(Fig. 15.3). This typically occurs at the metaphysis of long
bones, especially around the ankle. The classic finding of a
Brodie abscess is an ovoid focus of fluid signal on MRI (cor-
responding to focal lucency and surrounding sclerosis on
radiographs) “dripping” to the physeal plate. An appearance
of multiple Brodie abscesses (or intermittent lesions in mul-
tiple locations) is seen in the condition known as chronic
recurrent multifocal osteomyelitis (CRMO, also known as
chronic nonbacterial osteomyelitis, CNO), which is of unde-
termined etiology but appears to be immune-modulated.

15.4.6 Devitalization

Changes related to ischemia should be taken into account in
infection, particularly when interpreting MRI of the diabetic
foot. Documentation of the presence and extent of ischemic
and devitalized areas facilitates surgical planning for debride-
ment and limited, foot-sparing amputations. Pre- and post-
contrast MR images can detect ischemia and devitalization
of the foot as focal or regional lack of soft tissue contrast
enhancement. Devitalization, or foot “infarction,” is seen as
a focal area of nonenhancement with a sharp cutoff with
increased enhancement in the surrounding reactive, hyper-
vascular tissue. Only contrast-enhanced images allow reli-
able recognition of gangrenous tissue because T2- and
T1-weighted images reveal uncharacteristic signal altera-
tions [11].
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Fig. 15.3 A 10-year-old boy with chronic pain in the lower leg and
intermittent fevers. Brodie abscess. Coronal (a) and sagittal (b)
T1-weighted MR images of the ankle show a focal lesion (arrow) in the

Underlying infection, including osteomyelitis, cellulitis,
and abscess, would not be expected to enhance within
necrotic areas (Fig. 15.4). In this setting, signal characteris-
tics on T1- and T2-weighted images should be primarily
relied on for diagnosis of soft tissue and osseous infection. If
intravenous contrast is provided, the radiologist should be
familiar with the appearance of devitalized tissue to reduce
false-negative readings for infection.

15.4.7 Evaluation of Extent of Involvement

Extent of infection in soft tissue and bone is fairly well delin-
eated on post-contrast MR images. However, infection does
not tend to remain confined by fascial planes and spreads
centripetally from the inoculation site across fascial com-
partments, into and across joints, and through tendons. Soft
tissue involvement is often more extensive than the osseous
disease, requiring careful examination of the soft tissues
proximal to the source of infection. Without proper debride-
ment the patient may eventually require more extensive
amputation.

15.4.8 Spinal Involvement
Spine infection deserves special consideration; it is a rela-

tively common clinical condition that can result in serious
morbidity [20-22]. Recognition of early radiographic and

metaphysis of the distal tibia with slightly ill-defined margins. Sagittal
STIR image (c) reveals fluid signal within the lesion (arrow) and sur-
rounding bone marrow edema. Note periosteal reaction (arrowheads)

MR manifestations is extremely important to avoid serious
complications.

Radiologic diagnosis of spine infection is best made with
MR imaging which is very sensitive for early detection of
infection and accurate for delineation of extent of involve-
ment and identification of paraspinal abscess for operative
planning. However, identification of spine infection using
other modalities is important because radiographs, CT, or
bone scan is often ordered initially.

Radiographs are typically the first study obtained as part
of the radiologic workup of suspected infection. Early mani-
festations of infectious spondylitis on radiographs include
disc narrowing, vertebral endplate osteolysis or irregularity,
and paraspinal soft tissue mass. Eventually, gross destruction
of the endplates, collapse of the vertebral body, deformity,
and sclerosis may occur. Generally, only one disc level is
involved, although more severe or chronic cases spread to
adjacent vertebral levels can occur along paravertebral liga-
ments or fascial planes. MRI is the primary modality for the
diagnosis of infectious spondylitis. High sensitivity (ranging
from 90% to 100%) and specificity (ranging from 80% to
95%), combined with anatomic detail, allow accurate diag-
nosis as well as delineation of extent of involvement and
identification of paraspinal and epidural abscess.

The infected disc demonstrates low signal on T'1-weighted
images and high signal (approximating fluid) on T2-weighted
images (Fig. 15.5). Fat suppression technique is recom-
mended on the T2-weighted images to best demonstrate
the associated endplate edema. On T1- and T2-weighted
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Fig. 15.4 A 6-year-old boy with chronic leg pain and fevers. Biopsy-
proven osteomyelitis. Axial T2-weighted fat-suppressed MR image (a)
of the lower leg demonstrates abnormal signal in the tibia (arrow) rep-
resenting osteomyelitis. Note surrounding phlegmonous tissue (arrow-
heads). Sagittal T1-weighted fat-suppressed post-contrast image (b)

sagittal images, the endplates may be irregular, with loss of
the normal low signal cortical line. Administration of intra-
venous gadolinium in conjunction with a fat-suppressed
T1-weighted imaging sequence can aid diagnostic confi-
dence; the infected disc demonstrates rim enhancement
along the margins, with enhancement of the adjacent verte-
bral endplates. Occasionally, the entire vertebral body above
and below the affected disc level enhances diffusely.

T2-weighted images and fat-suppressed T1-weighted
gadolinium-enhanced images are particularly useful for iden-
tification of paraspinal or epidural abscess. These abscesses
are typically longitudinally oriented, extending along para-
spinal ligaments or fascial planes, often far from the original
site of infection. On T2-weighted images, the abscess shows
increased T2 signal intensity, approximating fluid, but often
with lobulated margins and internal complexity represent-
ing septations, debris, or devitalized tissue. Gadolinium-
enhanced images show rim enhancement at the margins of
the abscess, which is generally thick and irregular.

Like infection, degenerative disc disease results in disc
narrowing with associated endplate irregularity and sclero-
sis. In addition, Schmorl’s nodes (intravertebral disc hernia-
tion) cause the appearance of endplate irregularity and in
early stages show marrow edema on MRI. Although soft tis-
sue mass is absent (except for disc bulge), this is not a reli-

and axial T1-weighted fat-suppressed pre- and post-contrast images (c)
show nonenhancement of the mid tibial shaft (arrow) consistent with
devitalization (a sequestrum). A rim of enhancing new bone formation
(involucrum, arrowheads) is present

able discriminator on radiographs or CT. However, disc
degeneration is commonly associated with a vacuum phe-
nomenon, a finding that is nearly 100% specific for absence
of infection. As a result, vacuum disc should be sought in
cases of suspected infection; lateral radiographs in flexion
and extension can aid in identification of a vacuum phenom-
enon. CT is excellent for detection of small vacuum phenom-
ena at suspected levels. On MRI, Modic type 1 endplate
changes can mimic infection, with decreased T1 signal and
increased T2 signal. However, the associated disc will show
low signal on T1- and T2-weighted images if degenerated
compared with the high T2 signal characteristic of infection.
MRI can also detect paraspinal edema and mass effect, which
are absent in degenerative disc disease.

15.5 Aspiration/Biopsy and Atypical
Infections

Most hematogenous musculoskeletal infections are caused by
bacteria, with the vast majority being Staphylococcus aureus.
This and other bacterial infections generally have similar
(“classic”) imaging characteristics as described above, with
diagnosis made by aspiration or biopsy. Culture of infections
resulting from transcutaneous spread (i.e., diabetic ulcer) or



222

W. B. Morrison and M. J. Kransdorf

Fig. 15.5 A 70-year-old male patient with a history of 5 months of
low back pain and a final diagnosis of tuberculous spondylodiscitis.
MRI with sagittal T1-weighted (a), STIR (b), and contrast-enhanced
fat-suppressed T1 on sagittal (c¢) and axial (d) planes show bone mar-

inoculation (i.e., stepping on a nail) can exhibit more fastidi-
ous organisms and multi-organism involvement. In these situ-
ations, a PCR (polymerase chain reaction) assay can be useful
to analyze the DNA or RNA of the organism to quickly deter-
mine the causative organism rather than waiting for culture
results. Additionally, in as many as 75% of cases, culture
results are falsely negative [23]. Finally, PCR can be useful in
differentiating chronic infection from other pathologies, espe-
cially in diagnosis of prosthetic joint complications [24].

In the case of transcutaneous spread, care must be taken
not to inadvertently inoculate the bone with the organism
infecting the soft tissues. For example, if there is a diabetic
foot ulcer with questionable abnormality in the adjacent
bone on MRI, a biopsy through the infected soft tissue will
virtually guarantee bone infection.

Nontraditional infections (fastidious organisms, nonbacte-
rial infections) can have non-classic imaging features. This

row edema in the L4 and LS5 vertebral bodies (arrows), subligamentous
spread sparing the disc (open arrows), epidural and paraspinal phleg-
mon (arrowheads), and paraspinal abscess formation (thick arrow)

can be due to the preferred food source of the organism;
where S. aureus feasts on standard agar culture medium (and
disc material), mycobacterial infection grows poorly on bac-
terial agar culture plates and in discs. As a result, discs are
often involved only later in tuberculous spinal infections,
with paraspinal spread predominating. It can also be due to
the chronicity of the infectious process; whereas bacterial
infections usually exhibit rapid onset and progression, fungal,
parasitic, mycobacterial infections and others can grow
slowly and insidiously leading to radiological manifestations
relating to chronic inflammation. These include bone sclerosis
and erosion, bone destruction and deformity, necrosis, “cold”
abscesses in soft tissue and bone, and soft tissue calcification.
The classic example is tuberculosis of the spine, leading to
gibbus deformity and calcified paraspinal abscesses.

Many atypical infections involving the musculoskeletal
system are actually manifestations of systemic infection, and
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other organ involvement is the primary concern. This can
occur in tuberculosis, where musculoskeletal infection is
usually a consequence of lung or genitourinary disease [18,
19]. Fungal and parasitic infections are often diffusely dis-
seminated, affecting multiple organ systems [25, 26].
Disseminated or chronic infections are often associated with
an underlying immunocompromised state which can be
related to HIV infection, steroid treatment, malnutrition, and
diabetes as well as other chronic metabolic conditions.

15.6 Mimickers of Infection
15.6.1 Neuropathic Osteoarthropathy

Differentiation of osteomyelitis and neuropathic osteoar-
thropathy can be difficult, because both can demonstrate
marrow abnormality, joint effusion, and surrounding soft tis-
sue edema [27]. Some rules may be used to help differentiate
these entities on MR images. First, the vast majority of cases
of osteomyelitis of the foot and ankle are due to contigu-
ous spread. Therefore, a bone marrow abnormality without
adjacent skin ulceration, sinus tract, or soft tissue inflamma-
tion is less likely to represent infection. This concept is par-
ticularly useful when there are extensive bone marrow signal
abnormalities and lack of subcutaneous tissue involvement.
Second, neuropathic osteoarthropathy is predominantly an
articular process manifesting as instability, often with mul-
tiple regional joints involved (e.g., the Lisfranc, Chopart,
or multiple adjacent metatarsophalangeal joints). This and
other articular manifestations of neuropathic disease (sublux-
ation, cysts, necrotic debris) are not as common in infection.
Associated neuropathic marrow changes can be extensive
(especially at the midfoot) but tend to be centered equally
about a joint and at the subarticular bone. Osteomyelitis
shows more diffuse marrow involvement, and unless there is
a primary septic arthritis, the marrow changes are generally
greater on one side of the joint. Finally, location of disease is
important. Neuropathic osteoarthropathy by far is most com-
mon at the Lisfranc and Chopart joints. Osteomyelitis occurs
predominantly at the metatarsal heads, toes, calcaneus, and
malleoli, a distribution that mirrors that of friction, callus,
and ulceration. However, contiguous spread of infection can
occur at atypical sites if there is a foot deformity (e.g., the
cuboid in cases of rocker-bottom deformity) (Fig. 15.6).

15.6.2 Renal Failure

Chronic renal failure can lead to resorption of bone at the
joints and enthesial attachments, as well as the intervertebral
discs, leading to an appearance on imaging similar to that of
infection [28]. This is also referred to as “dialysis-associated
spondyloarthropathy” or “spondylosis of renal failure” due

to high incidence in the spine. However, other joints with
high stress and bone turnover can be involved, including the
sacroiliac joints. The appearance is related to bone resorp-
tion, hyperemia, and instability due to secondary hyperpara-
thyroidism. Radiographs show bone resorption that can
simulate erosion. Edema and joint effusion are observed. A
background of altered bone density typical of secondary
hyperparathyroidism can be sought (i.e., “rugger jersey
spine”). There may also be amyloid deposition within or
around the joints or discs; amyloid is low signal on T1- and
T2-weighted images. If there is history of renal failure, this
diagnosis can be entertained in the setting of imaging fea-
tures concerning for infection. However, if the clinical pic-
ture is compatible with infection (increased WBCs, fever,
positive blood culture), biopsy may be needed. The patholo-
gist should be prompted to look for amyloid and perform a
Congo red stain.

15.6.3 Crystalline Disorders

Crystalline diseases can simulate infection on various modal-
ities [29-32].

Gout (monosodium urate crystal deposition) can pres-
ent in various ways including tophaceous versus non-topha-
ceous and intra-articular versus extra-articular. Extra-articular
involvement can include infiltration of tendons and bursae.
Cases with more severe involvement can present with bone
destruction and even a mutilans pattern of joint erosion. Intra-
articular crystal deposition can simulate infection, with joint
effusion and erosions. The inflammatory nature of arthritis
also results in subchondral bone marrow edema as well as
periarticular edema which can be very difficult to differen-
tiate from osteomyelitis. Demonstration of tophi, which are
mass-like foci in or around the joint, can suggest the true diag-
nosis; tophi demonstrate low signal on T1- and T2-weighted
images, unlike infection-related abscess or phlegmon [32].
Additionally, since gout is a systemic disease, involvement
of other joints should be sought in the patient’s imaging file.
Recently dual-energy CT has proven useful for diagnosis and
determination of extent of involvement [33].

CPPD (calcium pyrophosphate deposition) and HADD
(hydroxyapatite deposition disease) are calcium-based crys-
tal disorders involving joint cartilage (CPPD) and tendons/
bursae (HADD). In the case of CPPD, inflammatory
involvement can lead to joint effusion and periarticular
edema that can simulate gout or infection; the clinical mani-
festation is often referred to as “pseudogout” due to paroxys-
mal pain and swelling. Radiographs can be helpful in this
circumstance with demonstration of chondrocalcinosis (cal-
cium deposition in fibrocartilage and/or articular cartilage);
this appearance is nonspecific and is often incidental in older
patients. However, association with soft tissue swelling/joint
effusion with the typical clinical presentation can reveal the
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Fig. 15.6 A 56-year-old man with neuropathic osteoarthropathy
of the midfoot presents with an ulceration and concern for superim-
posed osteomyelitis. Sagittal T1-weighted image (a) shows Charcot
arthropathy involving the Lisfranc joint (arrow). Coronal T1-weighted
(b), T2-weighted fat-suppressed (c), and T1-weighted fat-suppressed

diagnosis. HADD is also characteristic on radiographs, with
focal calcification at a tendon attachment or bursa. This most
commonly occurs at the rotator cuff; but if the location is
atypical (i.e., hand tendon or gluteal attachment), the clinical
presentation can mimic infection.

15.6.4 Inflammatory Arthropathies

Rheumatoid arthritis, reactive arthritis, and psoriatic arthritis
(as well as less common arthropathies resulting in synovial
proliferation) can simulate septic arthritis and osteomyelitis on
imaging exams, with joint effusion, joint space narrowing, ero-
sions, and subchondral bone marrow edema [34, 35]. One use-
ful differentiating feature is periarticular edema. Inflammatory

post-contrast images (d) of the midfoot demonstrate ulceration (arrow-
heads) with cellulitis and adjacent sinus tract extending to the medial
cuneiform (arrows) where marrow signal alteration is consistent with
superimposed osteomyelitis

arthropathies are generally chronic processes with slow disten-
tion of the joint capsule, whereas at least bacterial infection
results in marked hyperemia and rapid joint distention resulting
in aggressive appearing pericapsular edema (‘“‘angry effusion”).
This effect is accentuated in smaller, lower capacity joints
(i.e., the sacroiliac joint). Additionally, chronic inflammatory
arthropathies (especially rheumatoid arthritis) may exhibit
synovial proliferation with a mass-like quality, whereas bacte-
rial arthritis progresses rapidly without proliferative synovial
hyperplasia, except in later stages or in poorly treated cases.
Finally, septic arthritis, except in rare circumstances of dissem-
inated infection, is a monoarticular process. Chronic inflam-
matory arthropathies listed above are associated with systemic
disease and can exhibit similar findings in other joints and loca-
tions such as tendon sheaths and enthesial attachments.
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15.6.5 Tumor

Certain neoplasms can have characteristics similar to infec-
tion on imaging exams. Imaging findings that can be seen in
both infection and tumor include bone destruction, periosteal
reaction, fluid collections and necrosis, and soft tissue mass
effect [36-38]. Tumor is generally easily differentiated from
septic arthritis or discitis because neoplasms rarely cross
joints. Involvement of both sides of a joint therefore indi-
cates an arthritic process, inflammatory or degenerative.
However, tumors involving the shaft of a bone can result in

destruction and periosteal reaction similar to osteomyelitis.
Tumors at the epiphysis can cause a joint effusion (i.e., oste-
oid osteoma). Small round cell tumors result in a permeative
pattern similar to infection. Classic lesions simulating osteo-
myelitis include Ewing sarcoma, leukemia and lymphoma,
and Langerhans cell histiocytosis. Conversely, atypical
infections such as tuberculosis and fungal and parasitic
infections can cause focal bone destruction simulating tumor.
When biopsy is performed, one should always consider
sending samples for both histologic and microbiologic anal-
ysis (Fig. 15.7).

Fig. 15.7 A 38-year-old man with aching leg pain for a year. Chronic
osteomyelitis simulating lymphoma. Coronal (a) and axial (b) CT
images show a sclerotic lesion in the distal femoral shaft (arrows) with
thick periosteal reaction (arrowheads). Corresponding coronal STIR
image (c) shows an extensive, ill-defined intramedullary lesion with

periosteal reaction and soft tissue mass effect (arrowheads). Based
on course of symptoms and imaging features, biopsy was performed
with differential diagnosis of chronic osteomyelitis or lymphoma. In
retrospect cortical sinus tract formation (arrows) can be seen on axial
T1-weighted (d) and T2-weighted (e) images
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Key Points

Mimickers of infection

* Neuropathic osteoarthropathy.

* Manifestations of renal failure.

* Crystalline diseases: i.e., gout.

e Inflammatory arthritis: i.e., rheumatoid arthritis.

e Tumor: i.e., lymphoma, leukemia, Ewing sarcoma.

15.7 Concluding Remarks

Radiologic examinations play an essential role in diagnosis
and management of infection. The practitioner should main-
tain up-to-date knowledge regarding advantages and limita-
tions of the different imaging modalities to provide the most
efficacious care.

Take Home Messages

* MRI is the test of choice for diagnosis and manage-
ment of MSK infection.

e Current terminology guidelines recommend against
use of the term “osteitis” for description of early/
borderline cases of osteomyelitis.

e Beware of performing percutaneous biopsy in ques-
tionable cases that let you iatrogenically introduce
infection.

*  When performing biopsy, always consider the pos-
sibility of alternate etiology such as neoplasia.
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Ultrasonography: Sports Injuries
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Gina M. Allen and Jon A. Jacobson

Learning Objectives

e To understand the value of ultrasound in the exami-
nation of sports injuries.

* To be familiar with common sport-related disease
of the upper extremity.

e To be familiar with common sport-related disease
of the lower extremity.

16.1 Upper Extremity

16.1.1 Introduction

Ultrasound is an effective imaging method for evaluation of
upper extremity sports injuries. For evaluation of the shoul-
der, ultrasound is ideal in assessment of the rotator cuff, the
biceps brachii tendon and the subacromial-subdeltoid bursa.
Evaluation of the cartilaginous structures of the shoulder is
significantly limited, and therefore MRI and preferably MR
arthrography are considered in this scenario. An algorithm
based on patient age is often used, where patients over the
age of 40 years often are evaluated with ultrasound and
patients under 40 years are evaluated with MRI or MR
arthrography. This algorithm is used as patients under the
age of 40 years will often have articular-sided partial-
thickness rotator cuff tears and concomitant labral pathol-
ogy, both of which are ideally seen with MRI [1]. Beyond the
shoulder, ultrasound is most accurate when the indication for
imaging is targeted and the structure imaged is superficial.
Last, ultrasound complements MRI given its ability to

G. M. Allen
St Luke’s Radiology Oxford Ltd, Oxford, Oxfordshire, UK
e-mail: gina@slro.co.uk

J. A. Jacobson (P)
Radiology, University of Michigan, Ann Arbor, MI, USA
e-mail: jjacobsn@med.umich.edu

© The Author(s) 2021

dynamically assess pathology of the upper extremity. Given
the superficial location of soft tissue abnormalities, a linear
transducer of greater than 12 MHz is preferred, and a small
footprint probe is used for the most distal aspects of the
upper extremity.

16.1.2 Shoulder

The rotator cuff is the most commonly imaged tendon group
using ultrasound, where its accuracy in the diagnosis of cuff
pathology is equal to MRI. Unlike the distal aspects of the
upper extremity, a protocol-based evaluation with ultrasound
is recommended as symptoms do not always directly corre-
late with pathology, and symptoms may also be multifacto-
rial in aetiology [2]. Each individual rotator cuff tendon
(supraspinatus, infraspinatus, subscapularis, teres minor) is
imaged in short and long axis. Given the curvature of the
humeral head and the overlying supraspinatus, care must be
taken not to misinterpret artefactual hypoechogenicity from
anisotropy as tendon abnormality. Pathology of the rotator
cuff, similar to other tendons, include tendinosis and tendon
tear. The term tendinosis is used rather than tendinitis as
inflammation diminishes after the first week after a tendon
injury [3]. Tendinosis refers to mucoid degeneration and
chondroid metaplasia of the involved tendon [4, 5]. At ultra-
sound, tendinosis will appear as abnormal hypoechogenicity
with possible increased in tendon thickness [6]. Tendon tear
will appear as a well-defined hypoechoic or anechoic defect
in the normal hyperechoic fibrillar tendon architecture. Such
tendon tears may be partial-thickness and only involve the
articular surface, bursal surface or may be intrasubstance (or
interstitial) not contacting either the articular (Fig. 16.1) or
bursal surface of the tendon, although isolated greater tuber-
osity extension is common. A full-thickness tear will extend
from the articular to bursal surface of the tendon. Of note,
most supraspinatus tendon tears extend to the greater tuber-
osity footprint, which creates the cortical irregularity as a
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Fig.16.1 Supraspinatus tear: articular side partial-thickness. Ultrasound
images long axis (a) and short axis (b) to supraspinatus tendon show
hypoechoic tendon tear (arrows) extending to the articular surface of the

very important indirect sign in such tears in patients over the
age of 40 years [6, 7]. Once a tear is identified, the short- and
long-axis dimensions, as well as per cent tear depth (in the
case of partial-thickness tears), are measured and included in
the imaging report. Chronic and large full-thickness tears,
especially those involving the anterior aspect of the supraspi-
natus, are associated with tendon retraction and subsequent
infraspinatus and supraspinatus fatty infiltration and possible
muscle atrophy [8]. This information should be included in
the imaging report as muscle atrophy is associated with poor
outcomes after surgical repair of a rotator cuff tear [9].
Another structure commonly imaged with ultrasound is
the biceps brachii long head tendon. While the most proxi-
mal aspect of the biceps brachii long head tendon at the
labrum is not visible with ultrasound, the segment in the
bicipital groove and more proximally into the glenohumeral
joint are well seen, with the latter best seen with the shoulder
in the modified Crass position. Fluid distention of the biceps
brachii long head tendon sheath is most commonly from
extension of a glenohumeral joint effusion. Heterogeneous
or focal distention with hyperemia and focal symptoms
would suggest true tenosynovitis. Tendinosis will appear as
abnormal hypoechogenicity and possible increased tendon
thickness, partial-thickness tears will appear as surface irreg-
ularity and hypoechoic or anechoic clefts, and a full-thickness
tear will show complete tendon discontinuity [10]. The thin
hyperechoic aponeurotic expansion of the supraspinatus
should not be confused with a longitudinal split of the biceps
brachii [11]. Unlike a longitudinal split, the aponeurotic
expansion characteristically is located anterior the tendon

humeral head (H). Note cortical irregularity (arrowhead) of greater tuber-
osity (GT). B Biceps brachii long head tendon in rotator interval

and blends into the supraspinatus tendon when imaging
proximally. Ultrasound may also be used to dynamically
assess for biceps brachii tendon subluxation and dislocation
and guide percutaneous tendon sheath injection [12].

Another common structure that is abnormal with overuse
injuries is the subacromial-subdeltoid bursa. This composite
bursa is quite extensive located deep to the deltoid and cover-
ing portions of the supraspinatus, infraspinatus, subscapu-
laris, biceps brachii long head and proximal humerus.
Distention of the bursa may range from anechoic fluid to
hypoechoic or hyperechoic synovial hypertrophy [13]. To
diagnose subacromial impingement with ultrasound, the arm
is abducted, and ultrasound will reveal gradual distention of
the subacromial-subdeltoid bursa at the edge of the acro-
mion; however, this finding may be found in asymptomatic
individuals, and clinical correlation is required [14].
Ultrasound may also be used to guide percutaneous bursal
injection.

Key Points

e Cortical irregularity of the greater tuberosity is a
helpful secondary sign of a supraspinatus tear.

e Fluid surrounding the biceps brachii long head ten-
don is most commonly due to a communicating gle-
nohumeral joint effusion.

* Subacromial-subdeltoid bursal distention can range
from anechoic fluid to hyperechoic synovial
hypertrophy.
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Fig. 16.2 Biceps brachii: full-thickness tear. Ultrasound images show
(a) proximal and (b) distal stumps of the torn and retracted biceps bra-
chii (arrows). Note refractions shadowing (arrowhead) deep to recoiled

16.1.3 Elbow

The distal biceps brachii tendon may show findings of tendi-
nosis (hypoechoic enlargement), partial-thickness tear
(anechoic clefts) and full-thickness tear (complete tendon dis-
continuity) (Fig. 16.2) associated with sports injuries [15].
Ultrasound imaging of the distal biceps brachii tendon is often
difficult given the oblique course of the distal tendon and
resulting anisotropy. Imaging the biceps tendon from a medial
or pronator window approach, with possible elbow flexion, is
often helpful [16]. Partial-thickness biceps tears may involve
one of the two heads, commonly the more superficial short
head, which can create refraction shadowing artefact possibly
obscuring the deeper long head tendon. In differentiating par-
tial-thickness from a full-thickness tendon tear, the use of
dynamic evaluation is helpful, either imaging from a medial or
lateral approach [17]. With supination and pronation, lack of
tendon movement to the same degree as radial tuberosity rota-
tion is indirect evidence of a full-thickness tear. Often full-
thickness distal biceps brachii tendon tears will be associated
with significant tendon retraction.

Distal triceps brachii tendon tear are also effectively
assessed with ultrasound. Partial-thickness tears often
involve the superficial combined long and lateral heads,
associated with an avulsed enthesophyte bone fragment
(Fig. 16.3) [18]. The deeper medial head is often intact but
may be erroneously interpreted as torn given that the medial
head tendon is very short. Tendinosis may uncommonly
involve the distal triceps brachii tendon, as well as distention
of the overlying olecranon bursa.

Epicondylitis may also be diagnosed with ultrasound.
With lateral (tennis elbow) more common than medial (golf-

proximal stump in (a). B biceps brachii muscle, BR brachialis muscle,
RT radial tuberosity

er’s elbow), the term “epicondylitis” is a misnomer in that it
is not a primary epicondyle problem and is not actively
inflamed [19]. The underlying pathology, similar to other
tendons, represents tendinosis, interstitial tear or uncom-
monly full-thickness tear (Fig. 16.4). The presence of hyper-
emia on colour Doppler imaging correlates with symptoms
and represents neovascularity rather than an indirect sign of
inflammation.

The ulnar collateral ligament is evaluated dynamically
with ultrasound and complements MR arthrography where
the accuracy in diagnosis of tear is highest when both imag-
ing methods are used [20]. With the elbow flexed at least 30°,
valgus stress is placed across the elbow. Asymmetric widen-
ing of the medial joint space between the humerus and ulna
with valgus stress can indicate ligament tear [20]. The ulnar
nerve can also be imaged by dynamic ultrasound to assess
for injury or subluxation.

Key Points

* Evaluating the biceps brachii tendon medially and
laterally complements anterior evaluation.

» Triceps brachii partial tears most commonly involve
the superficial layer with avulsion of an
enthesophyte.

e Hyperemia of the common extensor tendon repre-
sents neovascularity and not inflammation.

e Dynamic evaluation of the ulnar collateral ligament
with valgus stress assesses joint space gapping to
indicate tear.



232

G. M. Allen and J. A. Jacobson

Fig. 16.3 Triceps brachii:
partial-thickness tear.
Ultrasound image long axis to
triceps brachii (T) shows
retracted tear of superficial
combined lateral and long
head tendons (between
arrows) with hyperechoic and
shadowing enthesophyte
avulsion fragment (curved
arrow). Note intact deep
medial head of triceps brachii
(arrowheads). O olecranon
process

Fig. 16.4 Common extensor
tendon abnormality (lateral
epicondylitis). Ultrasound
image long axis to common
extensor tendon shows
hypoechoic tendinosis
(arrows). Note radial
collateral ligament proper
(arrowheads). E lateral
epicondyle, R radial head, a
annular ligament

16.1.4 Wrist and Hand

Sports injuries of the hand and wrist are often ligamentous or
related to the triangular fibrocartilage complex, which are
best evaluated with MR or preferably MR arthrography;
however, ultrasound can be used to evaluate focal tendon
abnormalities. For example, intersection syndrome will
appear as asymmetric hypoechoic swelling, oedema and pos-
sible hyperemia where the first extensor wrist compartment
muscles (extensor pollicis longus and abductor pollicis bre-
vis) cross over the second extensor wrist compartment

(extensor carpi radialis longus and brevis) [21]. This can be
very subtle and a very light pressure on the transducer is
needed to see fluid in these cases. Full-thickness tendon tears
are often associated with tendon retraction. Related to the
extensor tendons, sagittal band injury at the level of the
metacarpophalangeal joints is diagnosed when abnormal
hypoechogenicity is seen with asymmetric location of the
extensor tendon, best seen dynamically with flexion at the
metacarpophalangeal joints, termed Boxer’s knuckle [22].
Related to the flexor tendons of the fingers, ultrasound is
effective in evaluation of the pulleys of the digits. Non-
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visualisation of a pulley can indicate injury; however, the
finding of tendon bowstringing is an important indirect sign
of pulley injury, which appears as an abnormal position of
the flexor tendon not approximated to the phalanx (Fig. 16.5).
Bowstringing is evaluated dynamically with active finger
flexion against resistance where a distance between the
flexor tendon and phalanx greater than 1 mm indicates pulley
injury; a distance greater than 3 mm indicates a complete A2
pulley tear; and a distance of 5 mm indicates a combined
complete tears of A2 and A4 pulleys [23].

One ligament that is ideally assessed with ultrasound is
the ulnar collateral ligament of the thumb [24]. Injury to this
ligament, termed skier’s or gamekeeper’s thumb, can range
from sprain (hypoechoic swelling), partial tear (partial
anechoic defect) and complete tear (discontinuous ligament),
with the latter either being non-displaced or displaced [25].
A displaced ulnar collateral ligament tear with an interposed

adductor aponeurosis is termed a Stener lesion. Ultrasound is
able to diagnose a Stener lesion with 100% accuracy [24].
Key to evaluation is correct placement of the transducer in
the coronal plane relative to the thumb with visualisation of
the characteristic bone contours at the expected attachments
of the ulnar collateral ligament. The adductor aponeurosis is
identified as a thin hypoechoic structure that normally over-
lies the intact ulnar collateral ligament, where flexion and
extension at the interphalangeal joint cause isolated move-
ment of the aponeurosis, which aides in its identification.
The distal aspect of the displaced ulnar collateral ligament is
identified as a hypoechoic round abnormality proximal to the
metacarpal joint (Fig. 16.6), with a possible hyperechoic and
shadowing avulsion bone fragment. The end of the torn liga-
ment may be seen superficial to the adductor aponeurosis or
may be seen along the distal metacarpal shaft with the liga-
ment coursing proximal.

Fig. 16.5 Pulley injury. Ultrasound image long axis to the flexor tendons (T) of the finger shows abnormal volar displacement or bowstringing of
the tendons (arrows) opposite the proximal (P) and middle (M) phalanges indicating A2 and A4 pulley tears, respectively

Fig. 16.6 Ulnar collateral
ligament tear of the thumb
(skier’s thumb). Ultrasound
image long axis to the ulnar
collateral ligament of the
thumb shows torn and
proximally displaced ligament
(arrow) with interposed,
hypoechoic and thickened
adductor aponeurosis
(arrowheads). MC metacarpal,
P proximal phalanx
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Key Points

e Tendon retraction indicates full-thickness tear.

* Flexor tendon bowstringing indicates pulley injury.

e Ultrasound can diagnose a Stener lesion with very
high accuracy.

16.2 Lower Extremity
16.2.1 Introduction

For athletic injuries, diagnostic ultrasound is used daily as a
“stethoscope” to confirm injury and guide treatment. It is not
only performed by radiologists but also by sports physicians,
physiotherapists and orthopaedic surgeons, to name a few [26].

Ultrasound examination is very important in the assess-
ment of lower limb injuries because of its dynamic capabili-
ties and excellent line pair resolution. Vascularity can be
demonstrated within a structure without the need for intrave-
nous contrast agent by pressing a button. Recently microvas-
cular imaging allows us to observe subtle vascularity.
Vascular supply is important in determining the nature and
the time course of an injury. If increased, it indicates that an
injury is in the acute or subacute phases, while its absence
means that the injury is old. It is also be used to date tendi-
nopathy. There may be some correlation with a painful ten-
don, but it is particularly useful in determining resolution
after treatment.

In our practice diagnostic ultrasound is the first-line
investigation for tendon, ligament and nerve-related disor-
ders. It is also useful in detecting effusions and synovitis
within joints. Ultrasound can reliably demonstrate small
avulsion fractures at the site of ligamentous attachment
which are difficult to see on conventional radiography and
MRI. Dynamic stress across a ligament or tendon in the con-

Fig. 16.7 Direct inguinal
hernia. Soccer player with
groin pain but no clinical
evidence of a hernia. The
hernia is best appreciated on
the dynamic assessment. You
can see a loop of bowel
moving forward on Valsalva.
Static view is provided in this
article

Locgct absd

text of injury can determine and emphasise the degree of
separation of the injured fibres. With high-resolution ultra-
sound probes, normal or diseased nerves can be directly
seen. When metal work is present ultrasound will demon-
strate structures that would be obscured by artefact on other
imaging. The presence of intermittent impingement of a ten-
don, ligament or nerve can be assessed dynamically and pre-
cisely. Ultrasound examination is often the only imaging that
will demonstrate this important phenomenon.

16.2.2 Pelvis

16.2.2.1 Groin Pain
To examine the groin, you will need a probe that has a range
of frequencies demonstrating superficial to deep structures.
Ultrasound is a very useful technique in the diagnosis of
groin pain as it can cover many areas that can cause pain [27,
28]. Dynamic assessment for hernias is important (Fig. 16.7). In
a study of groin pain, 89% of symptomatic athletes had inguinal
hernias compared to 12% asymptomatic controls. Most of the
athletes returned to normal sporting activity after surgery [29].
With diagnostic ultrasound, you can assess the exact site
of the pain as demonstrated by the patient and examine the
nearby joint, tendon insertions and muscles.

16.2.3 Hip

Ultrasound examination of the hip needs a probe covering
the 12—-8 MHz range due to the joint’s depth. Imaging should
start obliquely along the line of the femoral neck.
Diagnostic ultrasound can detect an effusion, synovitis
within the hip joint and sometimes labral tears especially if
they are associated with paralabral cysts. The technique has
greater sensitivity for cysts than MRI but less sensitivity for
labral tears than MRI arthrography. The presence of synovi-
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tis with its higher echogenicity, neovascularity and frondlike
appearance against the anechoic fluid of an effusion is seen
with standard ultrasound. MRI would require intravenous
contrast agent enhancement and a longer examination to
achieve similar results. A substantial benefit of diagnostic
ultrasound is that it clearly differentiates cystic versus solid
mass lesions. This is often difficult using MRI.

In younger athletes the most injured areas are the joint
and the labrum. These are best seen with MR arthrography,
but ultrasound can be used to guide the arthrography injec-
tion and guide pain-relieving injections such as steroid and
sodium hyaluronic acid in the treatment of conditions that do
not need surgery.

Key Points

e Groin pain can be due to hernias which can be reli-
ably identified by dynamic ultrasound examination.

e To detect a hip effusion, the probe is best placed
obliquely along the line of the femoral neck.

16.2.4 Insertional Tendinosis (Traction
Enthesopathy)

Diagnostic ultrasound is useful in the athlete in detecting
tendinopathies around the hip.

RIGHT HIP

Fig. 16.8 Rectus femoris insertional injury. Horse rider. Left anterior

groin pain after gym session 3 weeks before. Clinically thought to be a
labral tear. Note the calcification in the insertion of the direct tendon as

Age determines the weakest area of the tendon. Before
apophyseal closure, the apophyseal attachment is the weak-
est, and avulsion injuries usually pull off a fragment of bone.
These fragments may be very difficult to identify using MRI
but are obvious when using ultrasound as they cast an acous-
tic shadow and a sharp margin [30]. In adults with repetitive
stress, the tendon insertion may be injured. The appearances
on ultrasound of an abnormal tendon are identical to that
described in the upper limb, with reduction in echogenicity,
often neovascularisation and irregularity of the bone cortex
due to enthesopathy.

In the adolescent, the pelvis is a common area for
apophyseal injuries. Without the need for radiation, com-
paring both sides, the area of tendon insertion can be
imaged by diagnostic ultrasound. The injuries occur
before the age of 20. The most common apophyseal inju-
ries occur at the insertion of the hamstrings, rectus femo-
ris, sartorius and iliopsoas at the ischial tuberosity (54%),
anterior inferior iliac spine (22%), anterior superior iliac
spine (19%) and the lesser tuberosity of the femur, respec-
tively. Less common sites are the adductor tubercle and
the iliac crest [31].

In adult athletes the hamstring insertion is a common site
of injury. This can be seen in runners, soccer players and
cross-country skiers. Rectus femoris injuries are also seen
(Fig. 16.8). Soccer players also acquire adductor insertional
injuries and injuries at the insertion of the rectus abdominis
muscle.

it joins the anterior inferior Iliac spine compared to the asymptomatic
normal right side. Side-by-side comparison is very useful in these cases
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Key Points

e Apophyseal injuries in the adolescent can be
detected more accurately by ultrasound than by
radiographs or MRI by looking for detached frag-
ments of bone that cause acoustic shadowing.

* Insertional tendinosis or enthesopathy shows reduc-
tion of the tendon echogenicity, neovascularity and
irregularity of the bone cortex at the insertion.

16.2.5 Knee

Most knee injuries are best assessed by MRI to determine
both bony and ligamentous injury; however, diagnostic

Right Patella Tendon

LOGIQ
E10

Left Patella Tendon

ultrasound is a very useful technique, if there is an area of
pinpoint pain or swelling. It can detect effusions and syno-
vitis within the joint and is useful in the assessment and
treatment of patellar and quadriceps tendinosis. Collateral
ligament injuries and other tendinosis can also be accu-
rately detected and assessed dynamically by ultrasound
examination.

The proximal patella tendon is most affected by traction
tendinosis. At the insertion into the patella, it becomes thick-
ened and lower in echogenicity and contains neovascularisa-
tion (Fig. 16.9). In young athletes, there is also the possibility
of an apophyseal injury of both the inferior pole of the patella
in Sinding-Larsen syndrome and the tibial tuberosity in
Osgood-Schlatter’s disease. In its early appearance, these
disorders may only show fluid surrounding the tendon with-

Fig. 16.9 A 22-year-old ballet dancer. (a) Normal right patellar tendon. (b) Insertional patellar tendinosis. Note the thickened proximal tendon

with reduced echogenicity and neovascularisation
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out the bony fragmentation as seen in more established cases.
These disorders are a traction apophysitis for which offload-
ing is the primary treatment.

Rupture of the patella tendon or quadriceps tendon may
occur in the older age group of athletes and can be seen by
ultrasound. Here there is a discontinuity of the tendons, and
dynamic assessment allows the differentiation of partial- and
full-thickness tears. In this last role, diagnostic ultrasound is
a much more accurate technique than MRI whether severity
and extent of the injuries are difficult to judge.

Key Points

e Knee effusions are best seen in the suprapatellar
region using ultrasound.

e Collateral ligament injuries are easily and accu-
rately assessed by ultrasound, but the other internal
knee injuries can only be fully appreciated by MRI.

* Proximal patellar tendinosis is identified by thick-
ening of the tendon with reduced echogenicity and
neovascularisation.

Left Achilles Tendon

16.2.6 Ankle

Perhaps the most important area in sports imaging is the
ankle. It is important to use a large amount of coupling gel
and light touch around this area as pressure over the bones of
the ankle can be very painful and you can compress fluid
around joints and tendons.

The Achilles tendon is commonly affected in athletes,
especially runners. It is best seen by lying the patient prone
with the foot dangling off the end of the couch so that move-
ment of the foot can be performed. An 18 MHz probe is the
most useful with a larger footplate. Midsubstance tendinosis
and insertional tendinosis can be assessed in detail using
diagnostic ultrasound. In midsubstance tendinosis, there is a
fusiform swelling of the tendon with reduction in echo-
genicity and neovascularisation. In insertional tendinosis,
there is thickening of the tendon, reduction in echogenicity,
neovascularisation and often an enthesopathy involving the
calcaneal insertion (Fig. 16.10). The presence of a plantaris
tendon can also easily be identified. This can be involved in
Achilles tendinosis as well or have an isolated tendinosis of
its own. The plantaris tendon is important as it may be the

Fig. 16.10 Marathon Runner with Achilles tendinosis. Fusiform swelling of the Achilles tendon with reduction in echogenicity on this extended

field of view US image and neovascularity
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reason the patient with Achilles tendinosis is not responding
to physiotherapy. Sometimes surgical excision can aid recov-
ery in these cases.

Achilles rupture can occur in athletes. A complete rupture
can be identified on diagnostic ultrasound by discordant
movement at the site of injury when the tendon ends move in
different directions producing a gap in the tendon that
increases with dorsiflexion. Ultrasound can precisely locate
the area of rupture which allows for measurements to be
made and allows the possibility of small incisions to repair
the tendon surgically. In the acute injury, it is fortunate that
the only movement required is a very minor movement of the
foot; if the examination is performed gently and carefully, it
should not cause pain even on the day of the injury. The pres-
ence of an intact plantaris tendon spanning the Achilles ten-
don can falsely reassure the clinician that the Achilles tendon
is intact as compression of the calf muscles will still cause
movement of the foot even though the Achilles tendon itself
is fully separated.

Ligamentous rupture is the most common abnormality in
athletes. Ankle sprains commonly cause injury to the anterior
talofibular ligament in 86%. This can either be a sprain to the
ligament or a full rupture. The other lateral ligaments can also
be assessed by ultrasound including the anterior tibiofibular

ligament which can be injured in association with the anterior
talofibular ligament or on its own. In isolation this injury
often occurs when an athlete wears high boots such as ski
boots or large walking boots. Injury to the calcaneofibular
ligament occurs in approximately 30% of ankle sprains and is
a much more significant injury with relatively poor outcome
(Fig. 16.11). The posterior tibiofibular and talofibular liga-
ment can also be injured and assessed by ultrasound. Deltoid
ligament injury is also common (in 50% of lateral ligament
injuries) [32]. Dynamic assessment of all the ankle ligaments
is possible with ultrasound including the posterior ligaments
best seen using a small footprint. High-frequency probe with
dynamic assessment is especially useful in assessing a syn-
desmotic injury to the distal tibiofibular joint. On moving the
foot in dorsiflexion and plantar flexion, the tibia and fibula
should remain at an equal distance apart and in the same loca-
tion. If there is any dynamic separation of the bones, then this
is the diagnosis. This is often missed on any other imaging
because you cannot dynamically stress this area on MRI or
CT unless you have the facility to perform standing MRI or
CT for comparison with supine examination!

Damage to the peroneal retinacula can also occur. The reti-
nacula can become thickened in a chronic injury (Fig. 16.12).
If the superior retinaculum is ruptured, this may lead to sublux-

Left Anterior Talofibular Ligament

Fig. 16.11 Ruptured anterior talofibular ligament. A 19-year-old soccer player. (a) Normal left anterior talofibular ligament. (b) Torn right ante-
rior talofibular ligament. (¢) Injured right calcaneofibular ligament. (d) Right ankle effusion
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Fig. 16.11 (continued)

ation of the peroneal tendons. Injury in this region can also lead
to pseudo-subluxation of the peroneal tendons when there is an
abnormal movement of the peroneus brevis tendon against the
peroneal longus. Both of these abnormalities can be a cause of
clicking of the tendons in this region [33]. Dynamic assessment
of tendon movement and retinaculum function is only available
with diagnostic ultrasound. Intermittent or transient symptoms
are often not identified using MRI or CT.

Ballet dancers suffer problems with the flexor hallucis
longus tendon due to dancing on pointe over many years.
This tendon is naturally larger than the other tendons in these
dancers. Active tendinopathy with neovascularisation is eas-
ily demonstrated using diagnostic ultrasound.

Key Points

e Complete Achilles rupture is best assessed by ultra-
sound due to dynamic movement of the tendon
showing the tendon ends moving in different direc-
tions. This technique has greater precision than MRI.

* Clicking of the peroneal tendons can either be due to
pseudo subluxation or true subluxation which can be
dynamically demonstrated using ultrasound.

e Ligamentous injury in the ankle is best seen by
ultrasound due to the different obliquities of the
ligaments; integrity of the ligament may be judged
stressing the ligament while scanning.

16.2.7 Foot

The scanning technique is similar to that of the ankle using a
large amount of coupling gel, and light touch around this
area as pressure over the bones of the ankle can be very pain-
ful and you can compress fluid around joints and tendons.

The tibialis anterior tendon is affected in fell walkers.
This is usually due to an insertional tendinosis.

The tibialis posterior tendon can rupture or develop tendi-
nopathy. As this tendon forms part of the arch of the foot,
these abnormalities can both cause a new flat foot deformity.
The spring ligament can also be injured causing an acute flat-
foot. These conditions are readily diagnosed using diagnos-
tic ultrasound with high-resolution probes and good-quality
Doppler imaging.

Ligamentous injury of the small ligaments of the foot can
be identified using diagnostic ultrasound, especially if they
are superficial. Injury to the talonavicular ligament can occur
in isolation or in association with lateral ligamentous injury
[34]. This destabilises the midfoot allowing movement
across the talonavicular joint which is vital in the normal
windlass mechanism of walking; this is the dynamic tighten-
ing of the arch of the foot by long and short stabilisers prior
to pushing off from the ball of the foot. Deficiency in the
strength of the arch prevents this movement and is associated
with premature osteoarthritis of the midfoot.

Nerve damage can occur in athletes due to poor fitting
shoes or the constant agitation of the deep peroneal nerve on



16 Ultrasonography: Sports Injuries

Lefsdgkle Peroneus Brevis

Le@%G’}@ kle CalcaneoFibular Ligament

Fig.16.12 An elite 55-year-old jockey. Peroneus longus and brevis tendinosis and superior peroneal retinacular injury. (a) Note the thickening of
the superior peroneal retinaculum. (b) The peroneal tendons show central mucoid degeneration
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the dorsum of the foot of the ball in soccer players kicking a
ball. This can easily be seen by ultrasound examination ide-
ally with a high-resolution small footplate probe such as
18-24 MHz. Microvascular imaging allows study of the nor-
mal blood supply to small nerves, and comparison of both
sides will determine whether flow is abnormally increased.

Key Points

e The cause of a sudden flat foot deformity can be
tibialis posterior tendon rupture, tendinosis or
spring ligament rupture. These can all be deter-
mined by ultrasound.

e Nerves can be clearly seen on ultrasound examina-
tion with high-resolution (18-24 MHz) probes.

16.2.8 Muscle Injury

Diagnostic ultrasound may be used to assess muscle tears 6 h
after injury. Before this, acute haemorrhage is echogenic and
blends with the fibro-fatty interfaces of the muscle and is
therefore invisible. This makes the use of pitch side ultra-
sound inaccurate as significant muscle damage can be over-
looked. Within a few hours, liquefying haematoma forms.
This is low in echogenicity and is easy to see within the
muscle. It forms in the gap of the muscle injury. Ultrasound
can be used to dynamically assess the size of the tear by con-
tracting the muscle passively or actively; the movement
involved is minimal and should not be enough to cause any
pain. MRI can be useful in the initial phase of an injury but
will overestimate the extent of injury after 24 h due to distant
spread of muscle oedema in association with the injury. MRI
is rarely accurate in distinguishing between partial- and full-
thickness rupture. In chronic injury muscle atrophy is seen as
a change in size with fatty infiltration (increased echo-
genicity) and best determined by comparing sides. MRI pro-
vides similar information but sometimes only one limb is
examined preventing comparison. In those with chronic
injury the ultrasound practitioner should always compare
sides looking for chronic muscle change.

The technique of muscle ultrasound examination requires
a lower frequency probe such as 8—12 MHz dependent on the
depth and size of the muscle. It is best to use a fast sweeping
motion over the muscle to detect the initial area of injury and
then closing in on abnormal areas with slower movement to

demonstrate more detail. Too much pressure can compress a
liquefying haematoma making it more difficult to identify.
Comparison with the opposite limb is essential to detect
small areas of injury.

Diagnostic ultrasound can precisely identify scarring and
myositis ossificans if the injuries are more established. Both
these conditions are difficult to appreciate on MRI and are
commonly overlooked. Scarring is of high echogenicity
when established. Myositis ossificans is of high echogenicity
and has acoustic shadowing behind it once it is established.
The early calcification can be much easier to see using diag-
nostic ultrasound when compared to conventional radiogra-
phy. Re-tearing can also be seen as low echogenicity and
blurring of the normal muscle fibre pattern with vascularity
in the region of a new tear [26].

Injuries may occur in any lower limb muscle group. The
commonly seen injuries are of the hamstrings, quadriceps,
adductors and calf muscles. Thigh muscle injury has been
extensively researched in footballers. The presence of a mus-
culotendinous injury or a large injury makes the time of
returning to sport longer and the chance of a re-injury higher
[35, 36].

Calf injuries commonly occur between the medial gas-
trocnemius and soleus muscles and are known as tennis leg.
This can be mistaken for deep venous thrombosis or a rup-
tured popliteal cyst, but to the experienced ultrasound exam-
iner, it is easy to distinguish between these disorders
(Fig. 16.13).

Key Points

* Muscle injury may be invisible to ultrasound exam-
ination in the first 6 h after an injury as acute haem-
orrhage is echogenic and may mimic muscle.

e After 6 h, ultrasound accurately detects the injury as
haematoma starts to liquefy. At this stage MRI may
exaggerate the nature of the injury because of adja-
cent muscle oedema.

16.3 Guided Injections

Ultrasound is becoming essential to the safe guidance of all
interventions in both the upper and lower limb. This is
beyond the remit of this article but is an extension of its use
once you become proficient [37, 38].
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Fig. 16.13 A 50-year-old female skier. Injury in March 2020 just gastrocnemius and soleus muscles. (b) Extended field of view ultra-
before lockdown for Covid 19. Stretching injury to the calf as she fell ~ sound to show the amount of retraction of the medial gastrocnemius
with ski moving forward. Imaged 5 months after injury as still symp-  muscle with respect to the Achilles tendon

tomatic. (a) Poorly liquefied haematoma at site of injury between the




244

G. M. Allen and J. A. Jacobson

16.4 Concluding Remarks

Ultrasound can play a significant role in the evaluation of
sports injuries. The most common application is evaluation
of tendon pathology, such as tendinosis and tendon tear.
While any tendon about the extremities can be evaluated, the
high-resolution capabilities of ultrasound are especially ideal
in evaluation of the distal extremities. The dynamic capabili-
ties of ultrasound are also important showing tendon retrac-
tion in the setting of a full-thickness tendon tear, tendon
subluxation and muscle hernias. Muscle injuries may also be
evaluated for tear and haematoma although sensitivity is
lower acutely after an injury. Ligaments may be assessed
with ultrasound where dynamic imaging can also be used to
demonstrate joint space gapping as an indicator of ligament
tear. Dynamic assessment is also important in the evaluation
of groin hernias. Ultrasound may be used to guide various
procedures, such as injections and aspirations, as they relate
to sports injuries.

Take Home Messages

e Ultrasound is effective in the evaluation of tendon
and ligament injuries.

» Ultrasound may be limited in the early evaluation of
muscle injury.

* Dynamic imaging is important in evaluation of
muscle and ligament tears, tendon subluxation as
well as various hernias.

e Ultrasound may be used to guide percutaneous
procedures.
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Learning Objectives

* Review the role of imaging in muscle diseases.

e Detect and classify acute muscle injury by
imaging.

* Review unique imaging features in idiopathic
inflammatory myopathy.

e Identify the imaging features of other common

infectious, traumatic, and vascular muscle
pathologies.

e Discuss the differential considerations in muscle
lesions.

17.1 Introduction to Muscle Imaging
Evaluation and characterization of skeletal muscle pathology
is a frequently encountered indication for musculoskeletal
imaging. Causes of muscle pathology are diverse and include
traumatic, autoimmune, infectious, inflammatory, neuro-
logic, and neoplastic. Each etiology while dramatically dif-
ferent in the pathophysiology may present with similar
imaging features. An understanding of the subtle differences
in imaging features between the pathologic conditions may
serve to guide diagnosis and treatment in these often com-
plex cases. In this section, we will discuss the various skele-
tal muscle pathologies and the imaging features associated
with each.
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17.2 Imaging Modalities in Skeletal Muscle

Evaluation

Radiograph, while excellent for bone pathology, has limited
utility in the evaluation of muscle. Although the majority of
muscle pathology is occult on routine radiographic images,
X-ray may be useful in a few conditions. Certain inflamma-
tory or autoimmune myopathy, for example, is characterized
by unique soft tissue calcifications of which radiographs
may be the most reliable modality for detection. Magnetic
resonance imaging and ultrasound offer excellent special
resolution, allowing for the detailed evaluation of muscle
microanatomy. Ultrasound offers an added benefit of
dynamic imaging but is less sensitive than MRI for muscle
edema and low-grade injury. Because of the superior sensi-
tivity in detecting subtle injury, MR imaging evaluation is
largely considered the diagnostic gold standard.

17.3 Traumatic Muscle Injuries

Muscle injury is common among athletes and poses a serious
limitation to continued performance. The location and extent
of a muscle injury has implications on the recovery and func-
tional outcome.

17.3.1 Muscle Strain/Tear

Key Point

e Acute muscle strains/tears most frequently involve
the gastrocnemius, biceps femoris, and rectus fem-
oris muscles of the lower extremity.

247

J. Hodler et al. (eds.), Musculoskeletal Diseases 2021-2024, IDKD Springer Series,

https://doi.org/10.1007/978-3-030-71281-5_17


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-71281-5_17&domain=pdf
https://doi.org/10.1007/978-3-030-71281-5_17#DOI
mailto:wpalmer@partners.org

248

W. Palmer and M. K. Jesse

Acute muscle strains/tears are commonly encountered mus-
cle injury in the athlete, most frequently involving the gas-
trocnemius, biceps femoris, and rectus femoris muscles of
the lower extremity [1, 2]. Muscle strains are characterized
into three grades with progressing severity and complexity
of the injury and increasing time to recovery (Table 17.1).

Table 17.1 Grades of muscle strain [3—-6]

Extent of
Injury MR findings injury Example
Grade | * T2 high signal edema with <10% fiber  Figure
feathered appearance, usually disruption 17.1
at the myotendinous junction.
No architectural distortion
* Thickened or edematous
tendon without tear or laxity
Grade 2+ T2 high signal edema with 10-50% Figure
focal/partial fiber disruption  fiber 17.2
* + intramuscular hematoma disruption
Grade 3  Complete muscle fiber/tendon 50-100% Figure
disruption with laxity with/ fiber 17.3
without retraction disruption

+ intramuscular hematoma

17.3.2 Delayed Onset Muscle Soreness

Subacute or delayed muscle injury can be seen in the setting
of overuse and is referred to in radiology literature as delayed
onset muscle soreness (DOMS). DOMS is thought to occur
as aresult of muscle fiber microtrauma followed by a delayed
inflammatory phase. This injury, while painful, results in no
permanent muscle damage or functional deficit. Ultrasound
interrogation often yields diffuse hyperechoic foci in an
enlarged muscle belly but may be insensitive in mild injury
[7]. Fluid-sensitive MR imaging is the gold standard diag-
nostic exam, demonstrating diffuse muscle edema involving
all utilized muscles of a compartment [8] (Fig. 17.4).

17.3.3 Muscle Herniation

Muscle hernias, or myofascial defects, represent focal protru-
sion of the muscle fibers through a focal defect in the overlying
superficial muscle fascia. Muscle hernias are most commonly
seen in the lower extremity with the anterior compartment of
the lower leg the most common location. Ultrasound is the

Fig.17.1 Coronal (a) and axial (b) fat-saturated STIR MR images of the left thigh demonstrate feathered edema along the myotendinous junction
of the rectus femoris muscle. No fiber disruption is identified in keeping with a grade 1 muscle injury
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Fig.17.2 Coronal fat-saturated STIR MR image of the lower leg dem-
onstrates extensive intramuscular and fascial edema at the distal gas-
trocnemius muscle (white arrow). Partial-thickness fiber disruption at
the distal myotendinous junction (black arrow) is in keeping with grade
2 muscle injury

modality of choice for the evaluation of muscle hernia as it may
provide dynamic visualization of a reducible protrusion.
Herniated muscle on US appears hypoechoic and mushroom-
shaped with a smaller neck at the location of the fascia [9]
(Fig. 17.5). MRI may be useful in the quantification of the fas-
cial defect and herniated muscle bulk [10].

17.4 Inflammatory Myopathies

Inflammatory myopathy is classified as idiopathic or second-
ary. Secondary inflammatory myopathy is most frequently

associated with autoimmune/connective tissue disorders
such as Sjogren’s disease or systemic lupus but can also be
seen as a consequence of endocrine disorders or paraneo-
plastic syndromes. Inflammatory myopathy is a subset of
heterogeneous muscle diseases that share similar pathophys-
iology, imaging features, and clinical presentation.
Progressive and symmetric proximal to distal muscle pain
and weakness in the setting of elevated muscle enzymes and
abnormal EMG is suggestive of idiopathic myositis. MRI is
the gold standard modality for the identification and charac-
terization of these disorders.

17.4.1 Polymyositis/Dermatomyositis

Polymositis and dermatomyositis are related idiopathic
inflammatory diseases of muscle that are characterized by
muscle pain, weakness, and edema in a proximal to distal
progressive distribution often involving the anterior com-
partment musculature of the thigh [11]. On MRI, both
entities are defined by muscle edema involving one or
more muscles in a symmetric distribution [12]. These
entities while similar differ slightly in clinical and imag-
ing features. Dermatomyositis, for example, is often seen
in conjunction with esophageal dysfunction and may
present with classic “sheet-like” cutaneous/dermal calcifi-
cations [13] (Fig. 17.6). The microanatomy of muscle
involvement between these two entities also differs, with
the endomysium (lining between small muscle fibers)
preferentially involved in polymyositis and the perimy-
sium and epimysium (around the larger muscle fascicles
and muscle belly) preferentially involved in dermatomyo-
sitis. While both entities are characterized by feathered
muscle edema in the proximal muscle groups, the differ-
ences in preferential involvement may help to differenti-
ate these two on MR imaging. Muscle edema in
polymyositis is seen centrally within the muscle belly,
often sparing the peripheral muscle fascia and myotendi-
nous junction (Fig. 17.7). Dermatomyositis by contrast
presents as muscle edema predominantly peripheral with
notable myotendinous and myofascial involvement [14,
15] (Fig. 17.8).

Key Point

e Muscle edema in polymyositis is seen centrally
within the muscle belly, often sparing the peripheral
muscle fascia and myotendinous junction.
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Fig. 17.3 Coronal (a) and axial (b) fat-saturated STIR MR images of the right thigh demonstrate extensive edema in the distal rectus femoris
muscle belly (white arrows). This is a grade 3 injury given the complete fiber disruption and retraction apparent on the coronal image (black arrow)

17.4.2 Inclusion Body Myositis

Inclusion body myositis (IBM) is the most common idio-
pathic myopathy and is distinctly different in its pathophysi-
ology compared to other idiopathic conditions. IBM is
defined by inclusions of amyloid-B-protein within the skel-
etal muscle [16]. The onset of IBM is more common in the
elderly and is often a distal to proximal distribution. MR
imaging can easily differentiate IBM through the classic
muscle involvement and the presence of often profound fatty
infiltration [17, 18] (Fig. 17.9). The medial head of the gas-
trocnemius and flexor digitorum profundus muscles are
commonly involved. IBM also frequently involves the ante-
rior compartment muscles of the thigh, but unlike polymyo-
sitis and dermatomyositis, the rectus femoris muscle is
notably spared in IBM [14] (Fig. 17.10 and Table 17.2).

17.5 Myonecrosis

Myonecrosis is the infarction of skeletal muscle. It has many
etiologies such as trauma (e.g., crush injury), compartment
syndrome, prolonged immobilization, poorly controlled dia-
betes, radiation treatment, and toxin (e.g., snake venom) [19].
On MRI, the infarcted muscle typically demonstrates nonspe-
cific swelling and edema with heterogeneity that may suggest
the presence of necrosis [20]. The feathery, striated pattern of
muscle architecture usually remains visible. After contrast
administration, infarcted muscle does not enhance (Fig. 17.11).
It may not be feasible to inject contrast, however, if acute myo-
necrosis is complicated by rhabdomyolysis. Myonecrosis is
sometimes incomplete. Enhancing linear and curvilinear foci
indicate residual viable muscle tissue along vascular pedicles
[21]. Once the healing process begins, contrast MRI can show
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Fig. 17.4 Axial fat-saturated T2 MR image of the left calf in a 31-year-
old male with severe calf pain after cross-fit workout. The feathered
edema in the posterior compartment musculature (white arrows) is con-
sistent with delayed onset muscle soreness (DOMS). This finding may
persist for months following the initial insult

Fig. 17.6 Anteroposterior radiograph of the left hip demonstrates
“sheet-like” linear calcifications (white arrows) within the soft issues in
a patient with known dermatomyositis

[\

Fig. 17.5 Transverse gray-scale sonographic image of the right lower =~ mushroom-shaped herniation of the peroneus longus muscle belly
leg anterior compartment demonstrates a short segment defect in the  (white arrow). Comparison images of the normal left peroneus longus
superficial fascia (white arrowheads) with associated hypoechoic — muscle are provided (black arrow)
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rim enhancement due to granulation tissue at the interface of
viable and nonviable tissue. This appearance can be confusing
because it can mimic a phlegmon or abscess. In the late stages
of healing, chronic sequelae of myonecrosis include cystic
cavitation and dystrophic calcification.

17.6 Compartment Syndrome

In compartment syndrome, elevated pressure reduces arterial
blood flow to muscles. The clinical diagnosis is confirmed by

Fig. 17.7 Fat-saturated STIR MR image of the right thigh in a patient
with known Sjogren’s disease and polymyositis demonstrates marked
diffuse edema isolated to the semimembranosus muscle (white arrow).
Notice the diffuse endomysial pattern of muscle involvement with spar-
ing of the fascia and myotendinous junction (white arrowhead)

measuring intracompartmental pressure. Decreased circula-
tion causes ischemia that can be reversed if the pressure is
relieved. If intracompartmental pressure rises above perfu-
sion pressure, blood flow is arrested causing irreversible
myonecrosis. Infarcted muscle cannot be salvaged. The most
common etiologies include trauma (crush injury, fracture),
burn, overexertion, infection, and prolonged compression as
might result from overly tight bandaging. The anterior com-
partment of the lower leg is particularly susceptible to com-
partment syndrome due to its confinement by surrounding

Fig. 17.9 Axial T1 MR image of the left lower leg in an 82-year-old
male demonstrates profound isolated fatty infiltration of the medial
head of the gastrocnemius muscle (black arrow). This pattern when
symmetric is in keeping with chronic changes of inclusion body
myositis

Fig. 17.8 Fat-saturated STIR MR images of the upper right arm (a) and right thigh (b) in a 27-year-old patient with dermatomyositis. Notice the
perimysial pattern of edema with preferential involvement of the superficial fascia (white arrow) and myotendinous junction (black arrow)
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Fig. 17.10 Axial fat-saturated STIR MR image of the left thigh in a
patient with inclusion body myositis and acute pain. Notice the diffuse
edema in the anterior compartment musculature (black arrow) with
notable sparing of the rectus femoris (white arrow)

Table 17.2 Clinical and imaging features of idiopathic myopathies
[11,12, 14,17, 18]

Inclusion body
Polymyositis Dermatomyositis myositis
e Symmetric e Symmetric e Symmetric
e Proximal > distal ¢ Proximal >distal ¢ Proximal = distal
* Female > male * Female > male * Male > female
e Adults peak 30-60 < Juvenile and adult e« Elderly

* Endomysial onset predisposition
involvement e Classic dermal e Fatty infiltration
(diffuse muscle calcifications e Anterior
edema on MR)  Perimysial compartment with

* Anterior thigh involvement (facial ~ rectus femoris
compartment or myotendinous sparing

edema on MR)  Classic muscle
 Anterior thigh involvement
compartment (medial head of the
gastrocnemius,
flexor digitorum
profundus)

bone and fascia. Compartment syndrome can be acute or
chronic. Acute compartment syndrome is a surgical emer-
gency that requires fasciotomy for decompression and pres-
ervation of remaining viable tissue. Chronic and exertional
compartment syndromes are aggravated by intense activity.
On US and MRI, edema and swelling efface the normal mus-
cle striations [22]. Following contrast administration, isch-
emic muscle enhances heterogeneously, whereas infarcted
muscle lacks enhancement. Long-term complications
include scarring, atrophic change, and mineralization.
Calcific myonecrosis represents a severe complication of
post-traumatic compartment syndrome and typically affects
the anterior compartment of the lower leg.

17.7 Myositis Ossificans

Heterotopic ossification is biologically and histologically
identical to normal bone but is located in soft tissues [23].
Many different insults can damage tissue and trigger a
physiological reaction that leads to the formation of het-
erotopic bone. For example, orthopedic surgeries may be
complicated by postoperative heterotopic ossification fol-
lowing hardware implantation, arthroplasty, and fracture
fixation. Juxtaarticular heterotopic ossification may
develop in immobilized patients after severe burn or brain
or spinal cord injury. Surgical resection may be necessary
to relieve debilitating pain and mechanical symptoms. On
radiographs, mature heterotopic ossification demonstrates
a pathognomonic cortical shell. On CT, low attenuation of
the central cavity follows the attenuation of fat in cancel-
lous bone. On MRI, heterotopic ossification can be misdi-
agnosed as lipoma because the cortical shell can have the
appearance of a fibrous pseudocapsule, and the cancellous
bone can demonstrate reticulations similar to adipose
tissue [24].

The most frequent type of heterotopic ossification is
myositis ossificans (also known as myositis ossificans cir-
cumscripta and myositis ossificans traumatica) which
usually results from traumatic injury [25]. Myositis ossifi-
cans evolves in three general stages [26]. During the first
3-4 weeks, tissue injury causes organizing fibroblastic
reaction, osteoblastic differentiation, and osteoid forma-
tion. During the second 3-4 weeks, the osteoid matrix
becomes mineralized and produces immature lamellar
bone. Finally, after 8-10 weeks, immature bone pro-
gresses to mature bone with characteristic cortex and
intramedullary cavity. The imaging findings evolve with
each of the three general stages. Radiographs are negative
at first. If the patient presents with a painful, palpable
mass, MRI is requested because of the concern for neo-
plasm. MRI features depend on the degree of tissue dam-
age and surrounding inflammation [27]. MRI can show a
mass-like lesion with enhancement following contrast
administration simulating sarcoma. If the lesion is biop-
sied at this early stage, histopathological analysis can lead
to the misdiagnosis of pseudo-malignancy [28]. In the
middle stages of evolution, radiographs and CT show a
zonal arrangement of perimeter mineralization. After full
maturation, myositis ossificans exhibits a pathognomonic
rind of cortex that is better characterized by radiographs
and CT than MRI (Fig. 17.12).

Key Point
 In the early stage of myonecrosis, MRI can show an
enhancing mass-like lesion simulating sarcoma.
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Fig. 17.11 Myonecrosis in a 73-year-old woman complaining of arm
pain following drug overdose and stroke. (a) T1-weighted axial image
shows swelling of the triceps muscle. (b) T2-weighted, fat-suppressed
axial image shows diffuse edema of triceps muscle and low-signal

region surrounding the central tendon. (¢) Following intravenous con-
trast administration, T1-weighted, fat-suppressed axial image shows
non-enhancing infarcted muscle corresponding to the low-signal
T2-weighted region
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Fig. 17.12 Moyositis ossificans in a 31-year-old man presenting with a
painful, palpable thigh mass. (a) T1-weighted axial image demonstrates
skin marker and swelling of underlying adductor muscle. (b)
T2-weighted, fat-suppressed axial image demonstrates a sharply
demarcated mass with cystic and solid regions. (¢) Following intrave-
nous contrast administration, T1-weighted, fat-suppressed axial image
demonstrates dense enhancement of periphery, septations, and solid

regions. (d) The patient was referred for CT-guided biopsy 2 weeks
after the MRI study. With the patient prone, axial image obtained for
procedural planning demonstrates grid placement and mineralized
lesion corresponding to the MRI abnormality. The biopsy was canceled
due to predominantly peripheral mineralization in pattern typical for
myositis ossificans
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17.8 Myopathy

Myopathy refers to the dysfunction of skeletal muscle and
encompasses a spectrum of diseases. Symptoms include
myalgias, muscle tenderness, and weakness. Hereditary
myopathies result from enzymatic deficiencies and inborn
errors of metabolism (e.g., glycogen storage disease).
Endocrine myopathies are caused by adrenal, thyroid, para-
thyroid, and pituitary disorders. Myopathies may be induced
by numerous different drugs (e.g., statin, steroid). Myositis
is a subcategory of myopathy and refers to the presence of
inflammation on histopathological analysis. Inflammatory
myopathies are idiopathic, immune-mediated diseases such
as dermatomyositis, polymyositis, and inclusion body myo-
sitis. They include conditions that affect multiple organs
such as sarcoidosis. Myositis can be associated with viral
infection (e.g., HIV) or bacterial infection. A complica-
tion of bacterial infection is pyomyositis. On MRI, edema-
like signal, fatty muscle infiltration, and atrophic change
can correlate with disease activity, intensity, and chronic-
ity [19]. On fluid-sensitive MRI sequences, active disease
locations show edema-like signal that can provide targets
for biopsy [29]. Regions of active inflammation enhance
after contrast administration. T1-weighted MRI images are
useful for estimating the degree of muscle atrophy and fat
replacement related to long-standing or burned-out myo-
sitis. Whole-body MRI provides an assessment of disease
distribution and helps to gauge therapeutic response. PET
can demonstrate corresponding regions of FDG uptake due
to hypermetabolism.

17.9 Necrotizing Fasciitis

In necrotizing fasciitis, aggressive bacterial infection spreads
rapidly between muscle compartments along deep fascial
planes and subcutaneous fat. The organisms produce toxins
that infarct and liquefy muscle and fat. After a short period of
nonspecific symptoms, necrotizing fasciitis swiftly pro-
gresses to limb discoloration, systemic toxicity, and sepsis.
Although antibiotics can be successful against non-
necrotizing cellulitis and fasciitis, necrotizing infections are
often fatal without surgical treatment such as debridement,
fasciotomy, or amputation [30]. In patients with suspected
necrotizing fasciitis, CT is obtained first because of its avail-
ability and sensitivity for gas in the soft tissues. The presence
of gas is a specific but insensitive imaging sign. Therefore,
the lack of gas cannot exclude necrotizing fasciitis. CT and
MRI depict the size and locations of fluid collections [31].
Although intravenous contrast can better delineate muscle
liquefaction and tissue infarction, intravenous contrast is
contraindicated when necrotizing fasciitis is complicated by

rhabdomyolysis and renal failure. Nonspecific imaging fea-
tures include subcutaneous edema, muscle edema, fascial
enhancement, and small intracompartmental fluid collec-
tions [32].

Key Point

* In patients with suspected necrotizing fasciitis, the
presence of gas on CT is a specific but insensitive
imaging sign. The lack of gas cannot exclude necro-
tizing fasciitis.

17.10 Denervation Myopathy

Denervation occurs when the nerve supply to muscle is par-
tially or completely blocked. This blockade can be symp-
tomatic or asymptomatic and temporary or permanent. More
common etiologies include penetrating trauma, surgical
transection, and prolonged stretching or compression. Less
common etiologies include autoimmune disease, viral infec-
tion, and carcinomatosis (nerve infiltration by malignancy).
In some locations such as the spinoglenoid notch in the
shoulder, slowly growing lesions (e.g., paralabral cyst, intra-
neural ganglion) may compress the neurovascular bundle
and gradually lead to myopathic symptoms. In the acute
stages of denervation, MRI shows diffuse muscle edema
with uniform contrast enhancement. Muscle bulk remains
normal. In the later stages of denervation, MRI findings can
overlap with other disorders. Denervated muscle can become
atrophic and infiltrated by fat. Edema-like signal may or may
not be present. Parsonage-Turner syndrome, also known as
idiopathic brachial neuritis, affects one or more muscles of
the shoulder girdle. Progressive pain and weakness can
mimic the clinical presentation of other shoulder disorders
such as rotator cuff tear or capsulitis and, therefore, lead to a
delay in diagnosis [33]. In Parsonage-Turner syndrome,
supraspinatus and infraspinatus muscles are more commonly
involved than deltoid, teres minor, and subscapularis
muscles.

17.11 Muscle Lesions: Differential
Considerations

Myotendinous strain shows pathognomonic localization to the
myotendinous junction [34]. Other disorders show a random
distribution in muscle. Any localization to the myotendinous
junction is coincidental. For example, focal myositis may sim-
ulate acute strain if it happens to be contiguous with the myo-
tendinous junction. However, it is usually located in the muscle



17 Muscle Imaging

257

belly separate from the myotendinous junction. Intramuscular
neoplasms can displace the myotendinous junction due to
mass effect, but they rarely disrupt or encase it.

In myonecrosis, nonviable and adjacent viable muscle can
have identical appearances on T1-weighted, T2-weighted,
and STIR images because infarcted muscle maintains its nor-
mal fiber architecture, similar to necrotic cancellous bone
which maintains its normal trabecular architecture.
Therefore, the diagnosis of myonecrosis is made with great-
est confidence when intravenous contrast is injected. The
non-enhancing, avascular tissue stands out prominently
against the densely enhancing viable muscle. Although
infection (e.g., pyomyositis) can also cause diffuse muscle
edema, non-enhancing phlegmon or abscess is distinguished
from myonecrosis by the disruption of muscle architecture.

On MRI, hematoma is characterized by a bull’s-eye con-
figuration due to degradation of blood products, hemoglobin
breakdown, and hemosiderin deposition. On T1-weighted
images, the central region is increased in signal intensity.
Neoplasms containing fat, such as hemangioma, angioli-
poma, and liposarcoma, may also have a central region that
is increased in T1-weighted signal intensity and, therefore,
similar in appearance to intramuscular hematoma. On fat-
suppressed images, however, the signal from fat is decreased,
whereas the signal from hematoma is unchanged. Neoplasms
complicated by hemorrhagic necrosis also can be mistaken
for hematoma, but they have mass affect and displace sur-
rounding structures, including the myotendinous junction.
Hemorrhagic necrosis can be mistaken for enhancement fol-
lowing intravenous contrast administration.

Myositis ossificans can pose diagnostic pitfalls. It may
present as a painful, palpable soft tissue mass with vague,
remote, or absent history of trauma. Clinically, these
symptoms and signs are suspicious for neoplasm. On MRI,
myositis ossificans has a variable appearance depending on
the age of injury, extent of myonecrosis, and degree of adja-
cent inflammation. In earlier stages, a mass-like abnormality
can enhance densely after contrast administration, support
the clinical suspicion of malignancy, and result in patient
referral to an oncological center for biopsy and surgical
resection. Imaging evidence of benign myositis ossificans
may not occur until the time of CT-guided biopsy, when the
pre-procedural scan demonstrates a characteristic peripheral
rim of calcification (Fig. 17.12). In that case, the biopsy can
be canceled.

17.12 Concluding Remarks

Although muscle is susceptible to multiple traumatic, inflam-
matory, neoplastic, and neuropathic disorders, imaging often
enables a narrow differential diagnosis. Acute traumatic and
activity-related injuries such as strain, contusion, and overuse

may be complicated by myonecrosis, myositis ossificans, or
compartment syndrome. Chronic sequelae are less specific,
including muscle atrophy and fatty infiltration. In inflamma-
tory myopathy, imaging is useful clinically in guiding biopsy
and assessing treatment response. Imaging has a critical role
in the early diagnosis and characterization of necrotizing
fasciitis.

Take Home Messages

» Different imaging modalities have targeted roles in
assessing muscle disorders.

e In most muscle disorders, imaging enables a narrow
differential diagnosis.

e Clinical and imaging features of early myositis
ossificans can simulate sarcoma.

e Contrast administration may be necessary to con-
firm the diagnosis of myonecrosis.
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Learning Objectives

e To understand the ultrasound and MRI appearances
of different nerve pathologies.

e To understand the complementary roles of US and
MRI in evaluating different nerve pathologies.

18.1 Introduction

The main peripheral nerve abnormalities that lead to referral
for imaging are, in order of frequency: entrapment, tumours,
trauma, perineural fibrosis, neuralgic amyotrophy, and
inflammatory neuropathy. These conditions are best imaged
with either ultrasound or magnetic resonance imaging
(MRI). Both modalities allow nerves to be seen in high reso-
lution and have their own advantages that make them com-
plimentary in peripheral nerve imaging. Ultrasound is more
readily available, allows large segments of nerves to be
imaged relatively quickly, and has a dynamic component.
MR neurography (MRN) provides an excellent overview of
the neural anatomic environment; enables more consistent
visualisation of the smaller peripheral nerves, such as those
in the foot; can visualise nerves in areas where transducer
access is limited, such as the intraforaminal part of the bra-
chial plexus; is less operator dependent; enables the func-
tional capacity of nerves to be explored in greater depth
through, for example, diffusion tensor imaging; and allows
the effect of motor denervation, i.e. muscle atrophy, to be
seen and quantified more accurately.
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This chapter discusses imaging of the peripheral nerves
by ultrasound and MRI.

18.2 Peripheral Nerve Basics

Peripheral nerves range in diameter from 1 to 20 mm and are
formed by multiple axons, grouped into fascicles which, in
turn, are grouped into nerves. The endoneurium is the con-
nective tissue surrounding the axon-Schwann cell unit and
contains collagen fibres, fibroblasts, capillaries, and a few
mast cells and macrophages. The perineurium binds groups
of axon-Schwann cell units into nerve fascicles. The number
and size of the nerve fascicles generally diminish as the
nerve gets smaller more peripherally. The epineurium is the
outermost connective tissue sheath that encloses all the nerve
fascicles, providing mechanical support to the nerve and
reducing friction with adjacent tissues [1]. The endoneurium
and perineurium form a blood-nerve barrier akin to the
blood-brain barrier. As such, peripheral nerves, except for
the dorsal nerve root ganglia, do not enhance with intrave-
nous contrast unless the barrier is compromised by inflam-
mation or malignancy [2].

18.3 Pathophysiology Basics

Pathological nerves may show neural + fascicular oedema,
altered calibre, irregular contour, discontinuity, abnormal
enhancement, perineural fibrosis, or rarely intraneural fatty
replacement [3, 4]. In acute nerve pathologies, fascicular
pattern is usually accentuated due to intra- and perineural
oedema, leading to increased nerve calibre and signal inten-
sity. With increasing chronicity, oedema subsides and fibrotic
nerve changes lead to reorganisation of nerve tissue with
decreased nerve diameter and loss of T2-hyperintensity on
MRI. MR imaging is more sensitive at detecting target mus-
cle denervation oedema or atrophy than ultrasound. Diffuse
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muscle oedema and contrast enhancement can be seen within
1 day of denervation. Both probably reflect increased muscle
engorgement and increased muscle blood volume due to
denervation. Muscle atrophy and fatty replacement are fea-
tures of chronic denervation.

18.4 MR Neurography: Technical
Considerations

MR neurography (MRN) aims to provide high-resolution
high-contrast images of nerves. This is aided by suppression
of the background fat as well as pulsation and breathing arte-
fact suppression. While homogeneous fat suppression is
challenging on 3T imaging, the increase in contrast-to-noise
ratio and spatial resolution achieved by the higher field
strength outweigh the issues with inadequate fat suppression.
Dedicated peripheral coils ensure high-quality nerve detail
and can, if necessary, be combined with surface coils when
larger sections of the nerve need to be examined. For exam-
ple, the brachial plexus is usually imaged with a combined
head-neck coil to cover the cervical spine, foramina, and
neck regions along with a torso coil to cover the parascapular
and axillary regions.

Since nerves have a long (e.g. 80—100 ms) T2 signal and
are usually surrounded by fat, fast or turbo spin-echo
sequences with spectral saturation using the adiabatic inver-
sion pulse and Dixon technique are preferred [5]. The Dixon
technique allows larger areas to be imaged with homogenous
fat suppression when, for example, imaging the brachial or
lumbosacral plexuses.

Focal T2-weighted neural hyperintensity may occur if the
course of the nerve changes relative to the BO-field into a
plane higher than 55°. This is known as magic angle artefact
which may also persist at TEs beyond 66 ms. Mild
T2-hyperintensity of nerves can be seen in asymptomatic
subjects [6]. If in doubt regarding the significance of any
neural hyperintensity, comparison with the contralateral
healthy side is helpful, as is assessing the target muscles for
signs of denervation. Also, true pathologic intraneural
T2-hyperintensity is usually higher than any maximal magic
angle effect [7].

Recent advancements with extended echo train lengths
and parallel imaging have enabled 3D T2-weighted imaging
volumetric visualisation of nerves using fast or turbo spin-
echo sequences in acceptable scan times [8, 9]. Suppression
of adjacent vasculature can be achieved by motion-sensitised
driven equilibrium or diffusion moment, improving the dis-
crimination of small nerves in the extremities and skull base
[10-12]. Contrast administration is not routinely used when
imaging peripheral nerves though it can help to enhance ves-
sel conspicuity and demonstrate inflammatory or neoplastic
uptake on TIl-weighted fat-suppressed images as well as

simultaneously suppressing vessel signal on T2-weighted
spin-echo and STIR images to increase neural delineation.

Diffusion tensor imaging (DTI) provides additional
information on nerve integrity and can be a useful adjunct
to standard MRN protocols. Random multidirectional
motion of water molecules is restricted when the highly
organised neural membranes are intact. The amount of
restriction can be quantified by apparent diffusion coeffi-
cient (ADC) which is an estimate of mean water diffusivity
in all directions. Diffusion can be further directionally
quantified by fractional anisotropy with O being full isot-
ropy and 1 being full anisotropy. Diffusion tractography, by
connecting voxels of similar diffusivity, helps visually con-
firm neural integrity [13].

Key Point

e The highly organised structure of peripheral nerves
is similar throughout the peripheral nervous system.
Nearly all nerves look the same. Similarly, the
ultrasound and MRI appearances of entrapment,
tumour, injury, or inflammation tend to be similar
irrespective of the nerve(s) affected.

18.5 Neural Entrapment

Carpal tunnel syndrome (CTS) is the commonest nerve
entrapment. The main ultrasound and MR criterion of CTS is
undue swelling of the median nerve. The carpal tunnel inlet
and outlet are determined on ultrasound and MRI by direct
visualisation of the transverse retinaculum. On ultrasound
and MRI, one should measure the cross-sectional area (CSA)
of the median nerve at the distal forearm, just proximal to the
tunnel, at the tunnel inlet, at the tunnel outlet, and just distal
to the tunnel.

The more swollen the median nerve, the more likely the
possibility of CTS. The normal median nerve CSA at any of
these locations on ultrasound is <10 mm? A median nerve
CSA of >14 mm? at any of these locations is diagnostic of
CTS [14]. Measurements between 10 and 14 mm? should be
taken as suggestive of, but not diagnostic of, CTS. Ultrasound
CSA measurements do not include the epineurium, and,
hence, MRI measurements are about 20% greater than ultra-
sound measurements [15]. On MRI, a median nerve
CSA > 15 mm? either proximal to or distal to the tunnel is a
useful diagnostic criterion for CTS while a CSA > 19 mm?
proximal to the tunnel is indicative of severe CTS [16].
Intraneural hyperaemia on ultrasound is a specific but insen-
sitive ultrasound sign of neural compression. Other ultra-
sound and MR signs of CTS such as increased palmar
retinacular bowing or retinacular thickness, loss of neural
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fasciculation, flattening ratio, and reduction in carpal tunnel
CSA are not specific enough to be very discriminatory on a
case-by-case basis in everyday clinical practice.

Ultrasound is as sensitive as nerve conduction studies in
confirming the presence of CTS. Patients with equivocal
nerve conduction study findings for CTS will also usually
have equivocal findings on ultrasound so the two examina-
tions are not necessarily complimentary. Elastography and
DTI studies have shown that CTS patients slower elasticity
(i.e. stiffer) and median nerves with lower fractional anisot-
ropy values (i.e. less unidirectional diffusion) though cur-
rently elastography and DTI do not provide additional
information over that provided by CSA measurements alone.

Primary CTS is more common than secondary CTS due
to, for example, tenosynovitis, ganglion cysts or other carpal
tunnel masses, or crystal deposition within the carpal tunnel.
All of these secondary causes can be screened with ultra-
sound or MRI, with MRI being particularly helpful in this
regard.

Following carpal tunnel release, the median nerve will
usually remain unduly swollen for at least 1 year following
successful surgery and may never return to normal size
despite good amelioration of symptoms [17]. This persistent
median nerve swelling is due to neural fibrosis and congestion
secondary to chronic compressive neuropathy. Therefore, a
swollen median nerve following surgery on ultrasound or
MRI should not be taken as a sign of incomplete decompres-
sion. Similarly, the retinaculum will reform in most patients
at 3—12 months following surgery, though in a more elon-
gated fashion such that the overall volume of the carpal tun-
nel is increased [17].

The next most common entrapment is cubital tunnel
syndrome which occurs due to compression of the ulnar
nerve either within the cubital tunnel deep to Osborne’s
ligament or within the cubital tunnel proper deep to the
arcuate ligament. Any imaging of the cubital tunnel should
extend from 8 cm proximal to the elbow joint, to include
the arcade of Struthers, to 5 cm distal to the joint to include
the ulnar nerves between the two heads of flexor carpi
ulnaris [18].

Primary cubital tunnel syndrome is less common than
secondary cubital tunnel syndrome due to, for example, a
prominent anconeus epitrochlearis muscle osteophytosis,
synovitis, or ganglion cysts encroaching from the ulnohu-
meral joint into the cubital tunnel. Secondary cubital tunnel
syndrome tends to be mainly seen in older patients.

The greater the ulnar nerve CSA in the cubital tunnel, the
more likely the diagnosis of cubital tunnel syndrome. The
normal ulnar nerve CSA is <8 mm?2 An ulnar nerve
CSA > 14 mm? at the cubital tunnel is considered diagnostic
of cubital tunnel syndrome. CSA values between 8 and
12 mm? are suggestive of, but not diagnostic of, cubital tun-
nel syndrome.

Ultrasound also allows one to examine for ulnar nerve sub-
luxation during elbow flexion more easily than
MRI. Subluxation occurs due to a redundancy of Osborne’s
ligament. Although ulnar nerve subluxation is usually asymp-
tomatic and can be seen in about one-fifth of healthy subjects,
one can still appreciate how repeated subluxation of the ulnar
nerve over the medial humeral epicondyle could lead to fric-
tion neuritis (‘ulnar neuritis’) in patients who frequently flex
their elbows during daily, occupational, or sporting activities.

Although not discussed much in the literature, it is likely
that two pathologies, namely, neural compression and
inflammation, may act in isolation or in unison to produce
symptoms of cubital tunnel syndrome. Some patients may
have an inflamed ulnar nerve which is not compressed. This
is different to other entrapment syndromes such as carpal
tunnel syndrome, where the primary aetiology is solely that
of neural compression. In this respect, MR has an advantage
over ultrasound in allowing one to determine neural oedema
by T2-hyperintensity. Adjacent muscle acts as an internal
reference to standardise ulnar nerve signal intensity [19].
Then measure the contrast-to-noise ratio (CNR) as follows:

Ulnar nerve signal intensity — muscle signal intensity

CNR = — -
Standard deviation of air

A CNR of >50 has high accuracy for has high accuracy
for cubital tunnel tunnel syndrome.

The third most common entrapment syndrome is supina-
tor syndrome where the motor branch of the radial nerve (the
posterior interosseous nerve) is entrapped at the inlet or just
beyond the inlet of the supinator tunnel, known as the arcade
of Frohse (Fig. 18.1). One will appreciate undue swelling of
the deep branch of the radial nerve just proximal to or within
the supinator tunnel. There is often also localised deep ten-
derness at this point.

Less frequent sites of neural entrapment include the
suprascapular groove, the spinoglenoid notch (Fig. 18.2), the
radial groove, the radial tunnel, Guyon’s canal, the peroneal
canal, and the tarsal tunnel.

Key Points

e Entrapment syndromes are common in the upper
limb, uncommon in the lower limbs.

* At the relevant sites, the greater the degree of nerve
swelling, the more likely the possibility of
entrapment.

* The CSA of peripheral nerves on MRI is 20% larger
than on ultrasound.

* Both ulnar nerve entrapment and friction neuritis
can produce cubital tunnel syndrome symptoms.
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Fig. 18.1 Series of transverse ultrasound images showing posterior
interosseous nerve (arrows) (a) proximal to and (b—d) within the supi-
nator tunnel of a 9-year-old boy with quite abrupt onset of weakness of
finger extension. The PIN is swollen within the supinator muscle (‘supi-
nator tunnel’) located between the radial neck and the extensor forearm

18.5.1 Tumours

More than 90% of peripheral nerve tumours are benign and
more than 60% of these benign nerve sheath tumours are
schwannomas. The next most common benign nerve sheath
tumour is neurofibroma. Other benign nerve sheath tumours
include intraneural lipoma and intraneural ganglia.
Schwannomas arise from Schwann cells, while neurofi-
broma comprises a mixture of neural cells. There are no
known imaging features that allow one to accurately distin-
guish between a neurofibroma and schwannoma. As such,
one should refer to the presence of a ‘nerve sheath tumour’
rather than a particular tumour type. Neural continuity is the
most specific ultrasound or MR sign of a nerve sheath tumour
(Fig. 18.3). Other less specific ultrasound or appearances are
a fusiform or oblong-shaped mass, internal cystic, myxoid or
haemorrhagic areas, posterior acoustic enhancement (on
ultrasound), and moderate tumoural hyperaemia or enhance-
ment. On MRI, the so-called target sign may be more sug-

muscles. This swelling was due to an hourglass constriction at the
arcade of Frohse confirmed surgically. PIN swelling is more commonly
seen immediately proximal to the supinator tunnel inlet. Ext m Extensor
carpi radialis brevis muscle

gestive of a schwannoma, while more fascicular patterns are
seen with neurofibromas. Only about 70% of nerve sheath
tumours have visible neural continuity on ultrasound exami-
nation, and it is only in this setting that one can make a defin-
itive diagnosis of a nerve sheath tumour based on the
ultrasound appearances alone. When neural continuity is
present, one should ascertain whether the tumour is located
eccentric or concentric to the parent nerve as this has a bear-
ing on the success of surgical excision. Percutaneous biopsy
of nerve sheath tumour is occasionally very painful and
should not be undertaken when a confident diagnosis can be
made based on ultrasound appearances alone provided
malignancy is not suspected.

The remaining 30% of nerve sheath tumours do not have
imaging appearances specific enough to make a definitive
diagnosis based on ultrasound appearances alone. In this
situation one can offer a probable or possible diagnosis of a
nerve sheath tumour. Potential differential diagnoses are vas-
cular leiomyomas, vascular malformation, glomus, fibroma,
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Fig. 18.2 Adult patient with increasing shoulder weakness while
working overhead in vineyard. (a) MRN shows moderate infraspinatus
denervation oedema (arrow) with (b) a large paralabral ganglion

and ganglia. Appearances that would favour a nerve sheath
tumour over these tumours are an oblong configuration to the
mass, a regular margin, more pronounced internal speckling,
and lack of vascular convergence.

Less common types of neurofibroma are diffuse and
plexiform neurofibromas. Diffuse neurofibroma may be
sporadic or associated with neurofibromatosis type I
(NF1). They originate from the subcutaneous nerves and
spread extensively along the subcutaneous connective tis-
sue septae. One will see localised dermal and subcutane-
ous thickening, subcutaneous reticulation, and hyperaemia
which can mimic localised cellulitis or panniculitis.
Plexiform neurofibroma is only seen in NF1 and is associ-
ated with a moderate risk of malignant transformation. It

(arrow) causing suprascapular nerve compression in the spinoglenoid
notch. This compression was relieved by US-guided cyst aspiration as
seen on (¢) pre- and (d) post-aspiration images

has a more distinctive ‘bags of worms’ appearance with
diffuse enlargement of nerves in a discrete lobulated mass
and may occur in the subcutaneous as well as the deep
tissues.

One in two malignant peripheral nerve sheath tumours
(MPNST) occur in patients with NF1, while 1 in 20 patients
with NFI will develop a MPNST. There are currently no
imaging features that allow one to distinguish atypical nerve
sheath tumours from MPNSTs [20] (Fig. 18.4). Both whole-
body MRI with diffusion-weighted imaging and PET/CT
imaging are currently being explored in this regard [20]. If
there is clinical or imaging suspicion of MPNST, then a
percutaneous biopsy should be undertaken to confirm or
refute this possibility.
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Fig. 18.3 Longitudinal ultrasound of distal forearm showing (a)
medium-sized nerve sheath tumour arising eccentrically from the
median nerve (arrows) with neural continuity and acoustic enhance-

ment (open arrow). (b) The tumour shows moderate tumoural hyperae-
mia. These are diagnostic ultrasound appearances of a nerve sheath
tumour

Fig. 18.4 Middle-aged women with hereditary schwannomatosis. (a)
Multiple tumours are seen on T1-weighted and (b) T2-weighted STIR
images (arrows). Severe denervation oedema and atrophy of the left
quadriceps muscle is present (asterisk in b) as a consequence of a large

Key Points

* About 70% of nerve sheath tumours have neural
continuity evident on imaging. Only in this setting,
can one make a definite diagnosis based on imaging
signs alone.

e Diagnostic accuracy of imaging for identifying
nerve sheath tumours is much less when no neural
continuity exists.

e Increase in size over time is the most reliable sign
of the MPNST. If doubt exists, percutaneous biopsy
is warranted.

dedifferentiated malignant schwannoma (confirmed histologically) of
the femoral nerve with inhomogeneous signal on (¢) T2-weighted
STIR, (d) T1-weighted, and (e) T1-weighted fat saturated post-gad
images

18.5.2 Nerve Injury

Blunt injury to nerves usually recovers spontaneously and is
not imaged. Conversely, sensory or motor denervation fol-
lowing a penetrating injury usually results in early surgical
exploration without the need for imaging.

Imaging is, therefore, usually undertaken to investigate
either traction injury or the delayed recognition of nerve
injury following penetrating trauma. In traction injury, imag-
ing should focus on those nerves which have been clinically
compromised, while in penetrating trauma, imaging should
focus on examination of those nerves close to the path of
injury. A neuroma-in-continuity (NIC) or stump neuroma
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can be seen some months following partial or complete nerve
transection, respectively, and should not be mistaken for a
nerve sheath tumour [21].

Features of nerve injury to ascertain on imaging are:

(a) Is the nerve visibly injured, i.e. is it not swollen or mild/
moderately/severely swollen? What is the length of the
affected segment? Is there perineural fibrosis, haema-
toma, or inflammation present? Is there neural adhesion?
If perineural fibrosis is present, what percentage of the
neural circumference is affected?

(b) Is there neural transection present and, if so, is this com-
plete or incomplete?

(c) If neural transection is incomplete: what is the approxi-
mate percentage of neural transection. What is the length
(in mm) of the gap between the retracted fibres? Is there
any fibrosis or neuroma-in-continuity (NIC) present?
What is the size of this NIC?

(d) If neural transection is complete: What is the length (in
mm) of the gap between the retraced nerve endings? Is
there any end fibrosis or end neuroma present at the cut
ends of the nerve? If present, what is the size of the neu-
roma? What is the distance between the visibly normal
sections of nerve at either end of the transection?
(Fig. 18.5).

Peripheral nerve damage is usually graded according to
Seddon and Sunderland, where corresponding signal changes
can be seen on MRN (Table 18.1).

However, the Sunderland classification was devised on the
basis of neural crush injury. Hence it does not apply to traction
injury or penetrating injury which is the most common in
practice. It does not, for example, include incomplete neural
transection which is a common traumatic neural injury.

Key Points

e Most neural injury does not require imaging.

e The main points to consider are as follows: (1) is
the nerve injured, i.e. swollen or with altered
echotexture or signal intensity; (2) is there neural
transection present and, if so, is it partial or com-
plete; and (3) is there a neuroma present.

* A normal looking nerve or a mildly abnormal nerve
on imaging has a good clinical outcome.

Table 18.1 Sunderland grade with commonly used terminology, neu-
ral integrity, and MR appearances

Grade Terminology Integrity MRN
1 Neuropraxia Intact Hyperintense nerve
1I Axonotmesis Axons torn Hyperintense, thickened
(mild) with prominent fascicles
III Axonotmesis + Endoneurium
(moderate) torn
v Axonotmesis + Perineurium  Heterogeneous nerve
(severe) torn
v Neurotmesis + Epineurium  Complete nerve
torn transection

Fig. 18.5 Young man with transection of the entire left brachial plexus following an avalanche injury. (a) Coronal MIP of 3D SPACE STIR shows
enlarged, retracted nerve stumps with (b) small stump neuroma formation (arrow) and (c¢) missing plexal structures more laterally (arrow)
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18.5.3 Perineural Fibrosis

Perineural fibrosis is nearly always related to either prior
radiation, surgery, or trauma. The most common site of post-
irradiation perineural fibrosis is the brachial plexus, follow-
ing irradiation for breast or nasopharyngeal carcinoma,
usually with a 1-2-year latent period before symptoms
emerge. The ultrasound and MR appearances of brachial
plexopathy are as follows: increased size of the neural ele-
ments, poor delineation, obliterated or ‘dirty’ perineural fat,
clumping or adhesions of the neural elements, intraneural or
perineural hyperaemia/enhancement, and distortion of the
neural and perineural tissues.

The main differential diagnosis, both clinically and on
imaging, is metastatic infiltration of the brachial plexus.
Metastatic infiltration of the brachial plexus is often, though
not always, a feature of end-stage metastatic breast, head and
neck, or lung carcinoma and appears, on imaging, as a dis-
crete, often hyperaemic, mass infiltrating or adjacent to the
brachial plexus. One may sometimes see metastatic infiltra-
tion of adjacent structures, such as the vertebrae or lung api-
ces, as well as accompanying metastatic-type adenopathy.
Occasionally, percutaneous biopsy may be necessary to dis-
tinguish between nodular post-irradiation fibrosis and meta-
static disease. In such cases, this biopsy can be performed
safely under ultrasound guidance.

Key Points

* Radiation is the most common cause of peripheral
perineural fibrosis with the brachial plexus being
most affected.

e Imaging appearances of perineural fibrosis are
increased size, poor delineation, ‘dirty’ perineural
fat, adhesion, hyperaemia/enhancement, and peri-
neural distortion.

18.5.4 Neuralgic Amyotrophy

Neuralgic amyotrophy (or Parsonage-Turner syndrome) is
preferable a term to ‘brachial neuritis’ as the nerves beyond
the brachial plexus are not infrequently affected. Neuralgic
amyotrophy is an inflammatory condition of unknown aetiol-
ogy which, as the name implies, leads to both severe pain
and muscle weakness, particularly in the periscapular region
though also more peripherally in the upper limb. There is
often a preceding trigger such as infection or vaccination.
Neuralgic amyotrophy may wax and wane over several
months with different nerves being affected. Usually only
one side is affected, and even when both upper limbs are
affected, it is typically sequential rather than simultaneous.
The mixed suprascapular nerve is the most frequently
affected nerve. A suprascapular nerve CSA of >4.2 mm? on
ultrasound has a sensitivity of 86% and a specificity of 92%
for neuralgic amyotrophy.

MRI is excellent at demonstrating the atrophic and
denervation changes in the parascapular and other muscles
(Fig. 18.6). Ultrasound, on the other hand, is particularly
advantageous in allowing ready examination of potentially
affected nerves beyond the brachial plexus. Extraplexal
nerves that tend to be most affected are the long thoracic,
axillary, median, and radial nerves as well as the anterior
and posterior interosseous nerves. Affected nerves may
show localised neural swelling + neural fascicular entwine-
ment + hourglass constriction. These features can be appre-
ciated on US and MR. The hourglass constriction is thought
to result from a swollen inflamed nerve becoming twisted
with limb movement and being unable to return to a normal
position. Hourglass constriction requires surgical interven-
tion. If one sees neural swelling on transverse ultrasound
scanning, longitudinal scanning should be performed to
evaluate the presence of incomplete or complete hourglass
constriction. Similarly, on MRI if the nerve changes in
diameter abruptly along its course along with MRN signal

Fig. 18.6 In this patient with neuralgic amyotrophy, there is denerva-
tion oedema and moderate atrophy of the supraspinatus and infraspina-
tus muscles seen on both (a) T1-weighted (arrows) and (b) T2-weighted

STIR images (arrows). (¢) The suprascapular nerve is slightly thickened
with a slightly irregular calibre (arrow) highly suggestive of neuralgic
amyotrophy
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Fig. 18.7 MRN of patient with CIDP and characteristic enlargement of nerve roots and more peripheral plexal components on coronal MIP 3D
SPACE STIR images, both in the (a) brachial (arrows) and (b) lumbosacral plexuses (arrows)

changes from hyper-, to hypo-, to hyperintensity, this may
well represent focal hourglass constriction [22].

Key Points

e Neuralgic amyotrophy commonly affects the supra-
scapular nerve though extraplexal nerves are some-
times also affected.

* The imaging signs are neural swelling and, less fre-
quently, fascicular entwinement + hourglass con-
striction of an affected swollen nerve.

* MR is more accurate than US at showing target
muscle denervation.

18.5.5 Inflammatory Neuropathy

Inflammatory neuropathies are amenable to anti-inflamma-
tory treatment. The two main types of inflammatory neurop-
athy are chronic inflammatory demyelinating polyneuropathy
(CIDP) and multifocal motor neuropathy (MMN). CIDP is a
mixed neuropathy while MMN is predominantly motor.
Both upper and lower limbs tend to be affected. Ultrasound
and MR features are increased neural size and muscle dener-
vation + atrophy (Fig. 18.7). Any brachial trunk size of

>8 mm? and swelling of the median nerve >13 mm? in the
arm or >10 mm? in the forearm is 99% specific for inflamma-
tory neuropathy [23]. Multiple sites of nerve swelling may
be present.

Key Points

* Imaging is helpful in assessing inflammatory
neuropathy.

e Bilateral, diffuse, and multifocal involvement is
common.

18.6 Concluding Remarks

One can appreciate that imaging of the peripheral nerves
comprises a wide pathological spectrum. Imaging has greatly
increased our knowledge and perception of peripheral nerve
disorders enabling these disorders to be diagnosed and
treated with greater clarity and precision. When imaging the
peripheral nerves, one needs to be particularly mindful of the
patient’s history regarding previous trauma, malignancy, sur-
gery, irradiation, as well as neurological symptoms and deficit.
Ultrasound and MRI are, in many instances, complementary
in this regard with considerable clinical practical benefit.
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Take Home Messages

e Ultrasound and MRI are incredibly helpful in the
assessment of peripheral nerve disorders.

* High-resolution, targeted imaging is required.

e Usually either imaging modality will suffice, but to
fully address some problems, both may be required
and are usually complementary in this regard.
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Sports-Related Injuries of the Pediatric

Musculoskeleton

Lower Extremity

Kirsten Ecklund

Learning Objectives

* To recognize unique injuries of the pediatric mus-
culoskeleton commonly associated with athletic
activity.

» To differentiate these pathologic entities from imag-
ing features associated with normal growth and
development.

19.1 Epiphyseal and Osteochondral

Injuries
19.1.1 Osteochondritis Dissecans

Osteochondritis dissecans (OCD) was first described in 1888
by Franz Konig [1] as a cause of loose bodies within the
joint. Historically, juvenile and adult-onset OCD were felt to
represent the same process but with a better prognosis in
skeletally immature patients. While the pathogenesis and
natural history of juvenile OCD (JOCD) remain uncertain,
most agree that it is acquired likely due to repetitive trauma
and that it is distinct from osteochondral lesions seen in
adults. The term JOCD should be reserved for patients with
open physes, typically between the ages of 10 and 15 years.
Surgical versus conservative management remains contro-
versial due to the ambiguity around etiology and prognosis.
Juvenile OCD of the lower extremity is most frequently
encountered in the femoral condyles and the talar dome.
Several reports including those from the multi-institutional
Research in Osteochondritis dissecans of the Knee (ROCK)
Group [2] suggest that the lesion originates within the unos-
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sified epiphyseal cartilage with subsequent involvement of
the subchondral bone and potentially the articular cartilage
[3]. Radiographic findings may include subchondral lucency,
marginal sclerosis, and osteochondral bony sequestrum par-
tially or fully separated from the parent bone (Fig. 19.1a).

Numerous MR imaging classifications, most notably the
De Smet classification [4], exist with the aim of assessing
stability of the OCD. These have primarily focused on
breach of the articular cartilage and fluid insinuating
between the parent bone and the bony progeny as signs of
instability. More recently, high-resolution MR with detailed
description of the lesion is being used to assess healing and
prognosis. The chondral “fragment” is better termed the
progeny of the parent bone, and ossification of the progeny
is a sign of healing. Fluid signal intensity sandwiched
between the parent bone and unossified epiphyseal carti-
lage, linear vertical low signal intensity in the overlying
articular cartilage, and full-thickness defects are poor prog-
nostic signs (Fig. 19.1b).

Normal developmental ossification of the femoral con-
dyles may be confused with OCD, though it is typically seen
in children. Radiographically the femoral condylar ossifica-
tion centers may appear irregular, fragmented, and spicu-
lated. MR imaging features of developmental ossification
rather than OCD include location in the posterior condyle as
opposed to the intercondylar notch, accessory ossification
centers, a large amount of residual epiphyseal cartilage, and
lack of bone marrow edema [5] (Fig. 19.2). Additionally, dis-
ruption of the trilaminar secondary ossification center (SOC)
physis overlying chondral abnormality, best seen on fat-
suppressed fluid-sensitive sequences, is indicative of JOCD
[6] (Figs. 19.1 and 19.2). This finding is most helpful in
young children with substantial residual epiphyseal
cartilage.

In children less than 6 years of age, physiologic T2 hyper-
intensity will be seen in the posterior epiphyseal cartilage of
both medial and lateral femoral condyles, likely related to
advancing ossification within the cartilaginous epiphysis.
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Fig. 19.1 (a, b) Osteochondritis dissecans in a 10-year-old male soc-
cer player with knee pain. The frontal radiograph (a) shows subchon-
dral lucent lesion with marginal sclerosis involving the weight-bearing,
intercondylar notch region of the medial femoral condyle (white arrow).
The sagittal T2-weighted image with fat suppression (b) shows

increased signal in the overlying epiphyseal cartilage, disruption of the
overlying secondary physis (white dashed arrow), and subchondral
marrow edema. Hyperintense T2 signal at the bone-cartilage interface
(black arrow) and subchondral fibrovascular foci are further signs of
JOCD and likely indicate poorer prognosis

Fig. 19.2 (a, b) Normal developmental ossification in a 12-year-old
baseball player with anterior knee pain after sliding into base. The fron-
tal radiograph (a) and sagittal T2-weighted image with fat suppression
(b) show osteochondral irregularity in the non-weight-bearing, poste-

rior aspects of the medial and lateral femoral condyles. The MR fea-
tures which favor developmental ossification rather than JOCD include
posterior location, intact overlying secondary physis (arrow), and mini-
mal subchondral marrow edema
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Metaphyseal
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Fig. 19.3 Normal MR signal variation in a 7-year-old boy. Sagittal
T2-weighted image with fat suppression shows the normal trilaminar
primary and secondary (SOC) physes. Low signal intensity in the
weight-bearing epiphyseal cartilage is thought to be due to desiccation
of free water, while higher signal in the posterior cartilage relates to the
metabolically active ossification front. The image also shows the nor-
mal hyperintense metaphyseal stripe reflecting vascular tissue between
the periosteum and subchondral bone. Axially, this structure is circum-
ferential and has the appearance of a metaphyseal ring or collar (not
shown)

In these young children, low signal intensity is normally
seen in the inferior aspect of the cartilaginous epiphysis,
presumably due to weight-bearing [7]. This normal matu-
ration process should not be confused with osteochondral
injury (Fig. 19.3). Additionally, physiologic focal increased
fluid signal intensity in the epiphyseal cartilage is common
just prior to ossification and has been termed the “pre-ossifi-
cation center” [8]. Misinterpretation of developmental vari-
ants as OCD may, in part, account for the higher rate of
spontaneous resolution of juvenile OCD compared to the
adult form.

Key Points

MRI features suggestive of normal variant,

not OCD

e Posterior location (not intercondylar).

e Absent bone marrow edema.

e Accessory ossification centers and spiculated corti-
cal margins.

» Intact secondary ossification center physis.

* Young age; large amount of epiphyseal cartilage.

19.1.2 Acute Osteochondral Fractures

Acute traumatic chondral injuries are significantly more
common than meniscal and anterior cruciate ligament inju-
ries in the immature knee. In patients with open physes,
femoral condylar injuries are more common than patellar
and femoral trochlea [9]. Low-grade chondral injuries can be
subtle with chondral thickening and abnormal signal inten-
sity. MR has a higher sensitivity for the detection of more
severe lesions with full-thickness chondral or osteochondral
fracture. Subchondral bone marrow edema, best seen on fat-
suppressed fluid-sensitive sequences, should alert the radi-
ologist to scrutinize the overlying articular cartilage for
associated injury (Fig. 19.4). The images should be scruti-
nized for free intra-articular fragments. In contrast to OCD,
these acute injuries always involve the articular cartilage
with or without extension to the epiphyseal cartilage and
subchondral bone. As a reminder, T2 hyperintensity in the
femoral condylar epiphyseal cartilage posteriorly in young
children represents normal signal variation associated with
the advancing ossification front [10] and should not be mis-
interpreted as chondral injury.

19.2 Auvulsion Injuries

Avulsion injuries in children are most frequent during
puberty and adolescence, when the physis is the weakest
region of the musculoskeleton. In this age group, acute
apophyseal avulsion fractures are more common than liga-
ment and tendon injury. Unlike epiphyses, apophyses are
growth centers which do not contribute to linear growth and
are sites of tendon or ligament attachment. Acute, displaced
apophyseal avulsion fractures may result from sudden, force-
ful muscle contraction. In contrast, myotendinous forces
applied to the apophysis due to repetitive activity may lead to
microavulsion at the interface between the bony apophysis
and adjacent cartilaginous physis. Associated inflammation
identified on MR imaging as increased fluid signal in the
apophysis, physis, and soft tissues is termed traction apophy-
sitis [11]. Acute and repetitive overuse apophyseal injuries
are most common in the pelvis but are also commonly seen
at the knee and ankle.

Acute patellar sleeve fractures, named for the sleeve of
unossified cartilage which surrounds the osseous patella, are
avulsion injuries at the inferior and rarely superior poles of
the patella at the sites of patellar and quadriceps tendon
attachment which occur with forceful quadriceps contraction
against resistance, usually with a flexed knee. Radiographic
features of the much more common inferior patellar sleeve
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Fig. 19.4 (a, b) Acute osteochondral fracture in an 11-year-old boy
who fell onto his knee playing soccer. Sagittal proton density WI (a)
and T2-weighted image with fat suppression (b) reveal a large osteo-
chondral defect (margins marked by arrowheads) in the anterior medial

fracture include patella alta, a sliver-like patellar fracture
fragment, joint effusion, and soft tissue swelling (Fig. 19.5a,
b). MRI maybe performed to confirm the integrity of the
patellar tendon and will also show the chondral component
of the fracture, which if large is an indicator of operative
fixation. Chronic avulsive stress at the same location results
in inferior patellar traction apophysitis, called Sinding-
Larsen-Johansson disease. The MR and radiographic
appearances can be similar to a nondisplaced patellar sleeve
fracture; however, there is no history of an acute traumatic
event (Fig. 19.5c¢, d).

Apophyseal injury at the opposite end of the patellar ten-
don, the tibial tubercle insertion, can also be acute leading to
a Salter-Harris type II or III fracture through the tubercle
physis or chronic resulting in Osgood-Schlatter traction
apophysitis (Fig. 19.5e). Radiographs show soft tissue swell-
ing overlying the tibial tubercle, while MR images show
marrow edema in the tibial tubercle and fluid signal in the
distal patellar tendon and infrapatellar bursa. Fragmentation
of the tubercle often reflects normal developmental ossifica-
tion and should not be used to make the diagnosis of Osgood-
Schlatter. The term “jumper’s knee,” used to describe patellar

femoral condyle. The displaced osteochondral fracture fragment is in
the anterior joint, sitting atop the tibial plateau (arrow). Note the
absence of subchondral marrow edema related to normally limited
epiphyseal vascularity

tendon pathology, should be reserved for skeletally mature
patients with fused physes.

Traction apophysitis at the Achilles tendon calcaneal
insertion is termed Sever’s disease. Calcaneal apophyseal
sclerosis is a manifestation of physiologic stress associated
with weight-bearing and is not an indication of apophysitis.
As with Osgood-Schlatter, MR imaging features include
fluid in the distal Achilles tendon and the adjacent retrocalca-
neal bursa, overlying soft tissue swelling, and marrow edema
within the apophysis.

While the incidence of anterior cruciate ligament (ACL)
tears in adolescent athletes, especially females, has increased
dramatically in the last two decades, acute avulsion fracture
of the tibial eminence ACL attachment is common in younger
skeletally immature children, especially boys ages 8—14 years
old, when the intercondylar eminence is incompletely ossi-
fied [12]. The Meyers and McKeever classification is most
commonly used to describe the epiphyseal osteochondral
displacement: type I, nondisplaced; type II, posteriorly
hinged attachment with elevation of the anterior margin of
the fragment; type III, completely displaced; and type IV,
comminuted or rotated fragment [13]. MR images should be
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Fig. 19.5 (a, b) Acute patellar sleeve frature: Lateral radiograph (a)
and sagittal T2-weighted image with fat suppression (b) in 11 y.o.
boy with acute anterior knee pain after landing on his flexed knee
when tackled from behind in football show a thin inferior patellar
fracture fragment (arrow) and associated marrow and soft tissue. The
patellar tendon is intact. (¢, d) Proximal patellar tendon traction
apophysitis, Sinding-Larsen-Johansson: Lateral radiograph (¢) and
sagittal T2-weighted image with fat suppression (d) ina 9 y.o. female
ice skater with months of inferior patellar pain show fragmentation

and marrow edema in the inferior patella and as well as subtle edema
in the proximal patellar tendon and in the superior aspect of Hoffa fat
pad. The history differentiates this from patellar sleeve fracture. (e)
Distal patellar tendon traction apopysitis, Osgood-Schlatter: The
final sagittal T2-weighted image with fat suppression (E) in 13 y.o.
hockey player with 6 weeks of tibial tubercle pain, tenderness to pal-
pation, and recent growth spurt shows intense marrow edema within
a hypertrophied tibial tubercle. Associated edema is present in the
distal patellar tendon and inferior Hoffa fat pad
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Fig. 19.5 (continued)

scrutinized for impingement of the transverse intermeniscal
ligament, anterior horn of the medial meniscus, or anterior
horn of the lateral meniscus between the fracture fragment
and the donor site, impediments to closed reduction
(Fig. 19.6).

Key Points

Traction Apophysitis

e Patients must have open physes.

* MR shows edema in the apophysis and overlying
soft tissues and fluid in the tendon at the apophyseal
attachment.

* Fragmentation or irregularity of the apophysis can
be normal.

e Acute apophyseal fractures may have a similar
appearance and are distinguished by history of
trauma.

19.3 Physeal Fractures

The physis, or growth plate, is an exclusively cartilaginous
structure throughout growth. As such, it is the weakest com-
ponent of the bone-joint unit in children. Mechanical forces
which result in ligamentous or tendinous injury in adults
tend to cause physeal fractures in children. This is especially
true in early adolescence when the physis becomes wider
due to increased metabolic activity associated with the phys-

iologic growth spurt. Simultaneous increased athletic
endeavors in many middle and upper school children further
predisposes to growth plate fractures [8]. The Salter-Harris
classification of growth plate fractures was initially described
in 1963 and remains widely used. Type I is a fracture con-
fined to the physis. Type II involves the physis and metaphy-
sis. Type III extends from the epiphysis into the epiphysis.
Type IV is an obliquely oriented fracture which extends
through both the metaphysis and epiphysis, traversing the
physis. Type V is a crush injury of the physis [14]. More than
30% of pediatric long bone fractures involve the physis with
approximately 15% going on to develop post-traumatic
growth arrest [15]. The risk of growth disturbance is less
related to the Salter-Harris type than to the specific physis
with lower extremity locations and those with undulating
physes most at risk. When the fracture plane separates the
physis from the epiphysis and disrupts the blood supply, vas-
cular communications between the epiphysis and metaphysis
may develop allowing a bony bridge to form across the phy-
sis. Large, central bridges lead to limb shortening, while
smaller, peripheral bridges lead to angular deformity. In the
lower extremity, physeal fractures are most common in the
distal tibia with up to a third resulting in growth arrest
(Fig. 19.7).

Distal femoral and proximal tibial physeal fractures are
often radiographically occult, identified only when MR imag-
ing is performed for persistent post-traumatic knee pain. These
images should be scrutinized for widening and increased fluid
signal within the physis and disruption of the perichondrium
indicating nondisplaced fracture. Associated stripped perios-
teum can become entrapped within the injured physis and be
an impediment to closed reduction [16] (Fig. 19.8).

19.4 Physeal Overuse Stress Injury

Growth disturbance can also occur from chronic repetitive over-
use trauma in young athletes. Physeal dysfunction without pre-
mature transphyseal bone bridge formation occurs secondary to
recurrent microtrauma leading to vascular compromise and dis-
ruption of enchondral ossification. Unossified bands or tongues
of hypertrophic physeal cartilage extend into the metaphysis.
Radiographically, this appears as physeal widening and irregu-
larity. MR images in these patients show focal or band-like phy-
seal widening and T2 hyperintensity related to the excess
unossified cartilage as well as edema. The normal trilaminar
appearance of the physis is disrupted in the area of injury. The
most well-described locations of these injuries are the distal
radius and olecranon in gymnasts and the proximal humerus in
pitchers; however, similar physeal stress injury occurs in the
knees in child athletes involved in football, basketball, soccer,
gymnastics, and tennis [17]. Similarly, MR images in these chil-
dren with knee pain show focal bands of physeal cartilage signal
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Fig.19.6 (a—c) Acute tibial eminence avulsion fracture. Lateral radio-  The anterior cruciate ligament is intact and attached to the avulsed
graph (a), coronal T1-weighted image (b), and sagittal T2-weighted uplifted, displaced fragment (Meyers-McKeever type III). Note the
image with fat suppression (¢) in a 12-year-old girl who crashed while  transverse meniscal ligament interposed between the fracture fragment
ski racing. The tibial spine fracture plane is clearly delineated (arrows).  and donor site anteriorly (dashed arrow)
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Fig. 19.7 (a—d) Salter-Harris II fracture with premature growth arrest.
This 11-year-old girl landed on her inverted ankle when doing gymnas-
tics on a trampoline. Lateral radiograph (a) at the time of injury shows
the fracture plane through the physis anteriorly and extending through
the metaphysis posteriorly. MR sagittal proton density (b) and 3D gra-
dient echo steady state with fat suppression sagittal (¢) and coronal (d)

reformats 11 months after the fracture reveal a bone bridge with fatty
marrow signal intensity (arrow, b) traversing the physis anteriorly,
interrupting the normally high signal intensity physeal cartilage (* ¢, d).
The growth recovering line (dashed arrow, b) tethered to the bone
bridge indicates absent growth anteriorly and normal growth
posteriorly
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Fig. 19.8 (a, b) Radiographically occult proximal tibial fracture. AP
radiograph (a) in a 13-year-old girl with lateral knee pain after colliding
with another player in a soccer game shows no abnormality. MR sagit-
tal T2-weighted image with fat suppression (b) obtained 1 week later
for evaluation of persistent pain shows hyperintense fluid signal in the

extending into the distal femoral, proximal tibial, and proximal
fibular metaphyses (Fig. 19.9). The abnormalities are medial or
lateral depending upon the sport. The clinical symptoms and
imaging findings of these chronic physeal stress injuries tend to
resolve in 1 to 2 months with strict rest and/or immobilization.
Continuation of athletic activity leads to persistent pain and
growth disturbance with malalignment. Importantly, these
abnormalities should not be confused with focal periphyseal
edema (FOPE) zones commonly seen in the proximal tibia and
distal femur in adolescence thought to be a manifestation of
early physiologic physeal closure [18]. FOPE zones are predict-
ably seen just prior to the normal physeal fusion, age range
11-15 years (Fig. 19.10). While FOPE zones may be symptom-
atic, they do not require treatment, and they resolve as normal
physeal fusion progresses.

widened posterior physis (arrow) and marrow edema in the periphyseal
epiphysis and metaphysis. Importantly, a low signal intensity linear
structure within the posterior physis (dashed arrow) represents stripped
periosteum which has become entrapped in the physis and may be an
impediment to closed reduction

Key Points

Physeal Injuries

e Acute physeal fractures may lead to growth arrest
with bony bridging across the open physis.

e Post-traumatic growth arrest is more dependent
upon the specific anatomic location (distal femur,
distal tibia, proximal tibia most common) than on
the Salter-Harris type.

e Overuse or repetitive stress injury of the physis
results in bands or tongues of unossified physeal
cartilage extending into the metaphysis.

* Do not confuse normal physiologic FOPE zones
with physeal injury.
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Fig. 19.9 (a-d) Overuse physeal stress injury. A 14-year-old ice
hockey player with 3 months of knee pain. AP radiograph (a) shows
medial physeal widening in the distal femur and proximal tibia. Coronal
PD fat-suppressed (b) and sagittal T2-weighted fat-suppressed (c)
images show medial physeal widening and hyperintensity (arrows).

The high signal reflects unossified physeal cartilage that seems to
extend into the metaphysis. The cartilage may be band-like, as in the
femur, or more spiculated and tongue-like, as in the tibia. The AP radio-
graph (d) obtained 3 months later after strict rest shows normalization
of the physes
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Fig. 19.10 (a—c) Focal periphyseal edema (FOPE) zones. Coronal PD
fat-suppressed MR image (a) in a 13-year-old ballet dancer with medial
knee pain shows marked bone marrow edema within the medial epiphy-
sis and metaphysis centered around the fusing proximal tibial physis
(arrow). Cor PD fat-suppressed MR image (b) in a 14-year-old female
asymptomatic research volunteer shows similar but less intense edema
around the fusing proximal tibial physis (arrow). One year later (c) the

tibial physis has fused normally and the edema has resolved. A new
FOPE zone is present in the distal femoral physis centrally (arrow).
This is consistent with the normal growth pattern—the proximal tibial
physis fuses approximately 1 year prior to distal femoral fusion.
Periphyseal edema should only be ascribed to this phenomenon in ado-
lescents with normally fusing physes
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Fig. 19.11 (a, b) Tibial stress fracture. Sagittal T2 fat-suppressed MR
image (a) in a 14-year-old boy with proximal tibial pain in the setting of
increased lacrosse training shows metaphyseal marrow edema with a
subtle low signal intensity oblique line centrally (arrow) and posterior

19.5 Long Bone Stress Injuries

Stress fractures and stress reactions in children, once consid-
ered rare, are seen with increasing frequency presumably
related to increased participation in athletics. Stress is the
force applied to a bone that arises from weight-bearing and
from muscular contractions. Lower muscle mass, decreased
bone mineral density, and thinner cortices in addition to hor-
monal influences predispose the immature skeleton to stress
injury. A 7-year prospective study of 6831 adolescent girls
found a nearly 4% incidence of stress fractures with high-
impact activities (running, basketball, cheerleading, and
gymnastics) as significant risk factors [19]. Almost 50% of
all stress fractures in athletic children are tibial, with the
remainder occurring in the fibula, femur, metatarsals, and
tarsal bones. Unfortunately, the sensitivity of early radio-
graphs is as low as 15% and delayed radiographs only reveal
findings in 50% of patients. At MR imaging, STIR sequences
and T2-weighted sequences with frequency selective fat sat-
uration are exquisitely sensitive to the high signal intensity

periosteal fluid (dashed arrow). The coronal T1 fat-suppressed post-
contrast MR image (b) more clearly identifies the medial cortical frac-
ture line (arrow). Contrast is generally unnecessary for stress injury
evaluation but, when administered, nicely outlines fracture lines

periosteal and marrow edema associated with stress reac-
tions. A low signal intensity line within the high signal mar-
row edema allows the lesion to be upgraded to a stress
fracture (Fig. 19.11). This line allows the lesion to be confi-
dently identified as a stress fracture. Multidector CT with
long-axis reformations can also be very helpful in delineat-
ing the occult fracture lucency.

19.6 Concluding Remarks

With the increased participation of children in athletics, radi-
ologists are more frequently asked to assist in the diagnosis
and management of acute and chronic injury to the growing
skeleton. Initial radiographic assessment is often sufficient.
However, we are increasingly expected to accurately evalu-
ate soft tissue, ligamentous, tendinous, and cartilaginous
injuries in competitive child athletes. MRI is often required
for evaluation of injury to these radiolucent structures.
Familiarity with the normal MR appearance of the growing
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Varich LJ, Laor T, Jaramillo D. Normal maturation of the distal

femoral epiphyseal cartilage: age-related changes at MR imaging.
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dren. Top Magn Reson Imaging. 2015;24(2):67-81. https://doi.
org/10.1097/RMR.0000000000000048.
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the tibia. J Bone Joint Surg Am. 1959;41-A(2):209-20; discussion
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00004.

. Chen J, Abel MF, Fox MG. Imaging appearance of entrapped perios-
teum within a distal femoral Salter-Harris II fracture. Skelet Radiol.
2015;44(10):1547-51. https://doi.org/10.1007/s00256-015-2201-x.

. Laor T, Wall EJ, Vu LP. Physeal widening in the knee due to stress
injury in child athletes. AJR Am J Roentgenol. 2006;186(5):1260—
4. https://doi.org/10.2214/AJR.04.1606.

. Zbojniewicz AM, Laor T. Focal Periphyseal Edema (FOPE)

musculoskeleton is essential to accurate interpretation of
these imaging studies in young athletes. Accurate diagnosis
and management are critical to mitigate the impact upon the
growth mechanism and associated lifelong disability.

Take Home Messages

* MR depiction of normal musculoskeletal develop- 9.
ment must be differentiated from physeal and osteo-
chondral injury.

* Overuse injuries in children are more common than 10.
previously realized.

* Growth disturbance associated with acute and over-
use injuries can lead to lifelong morbidity. 11
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Non-traumatic Musculoskeletal
Diseases in Children

Rutger A. J. Nievelstein

Learning Objectives

e To gain knowledge about the differences between
the pediatric and adult musculoskeletal system.

e To learn how these differences will result in differ-
ences in clinical and radiological presentation of
musculoskeletal diseases in children.

e To discuss the optimal imaging strategies for spe-
cific disease entities in the pediatric musculoskele-
tal system.

20.1 Introduction

The pediatric musculoskeletal system differs from the adult
musculoskeletal system in many ways, which accounts for
many unique features in pediatric musculoskeletal imaging.
These unique features include:

* Anatomical differences: such as growth plates with sur-
rounding epiphyses and metaphyses and differences in
vascular supply (the Haversian canals in pediatric bones
are relatively larger and more extensive compared to
adults).

* Physiological differences: such as increased metabolism
at the metaphyses related to growth and physiological
subperiosteal new bone formation in infants.

e Psychological differences: in case of pain, young children
experience the uncomfortable sensation, but they are not
worried by it and do not seek medical attention them-
selves. Instead they try to relief the pain by crying, limp-
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ing, or disuse, and this is what is noted by the parents.
Moreover, young children usually cannot give an appro-
priate history. Finally, “referred pain” is more often seen
in children than in adults: for example, pain in the knee in
a young child may be the result of referred pain from the
distal tibia (e.g., a toddler fracture) or from the hip (e.g.,
in Perthes disease).

In addition to these differences, several pathologies in the
musculoskeletal system are unique for the pediatric age and
do not or seldomly occur in adults (except for some late
sequelae). These include congenital and hereditary disor-
ders, many inborn errors of metabolism and skeletal dyspla-
sias, and some subtypes of bone and soft tissue tumors.

These differences between the pediatric and adult muscu-
loskeletal system can result in differences in clinical and
radiological presentation. Therefore, radiologists who deal
with children require specific knowledge and skills, includ-
ing knowledge of the (combination of) imaging modalities of
first choice to answer the clinical question and optimization
of the imaging techniques used (while limiting the risks of
ionizing radiation, sedation, and unnecessary biopsies). In
this chapter on non-traumatic pediatric musculoskeletal dis-
eases, we will focus on (a) hip pathologies, (b) infectious and
inflammatory diseases, and (c) bone and soft tissue tumors.

20.2 Hip Pathologies [1-4]

20.2.1 Developmental Dysplasia of the Hip
(DDH) [3-7]

Developmental dysplasia of the hip (DDH), also known as
congenital hip dysplasia (CHD), is one of the commonest
musculoskeletal pathologies in the newborn. It is a develop-
mental (and not a congenital!) disease of the hip as newborns
with normal hips at birth can be affected later during infancy.
Therefore, CHD is a misnomer and should be avoided.
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DDH occurs in approximately 1:1000 live births with a
female predominance. The left hip is more commonly
involved than the right hip, and it can occur bilaterally. Risk
factors include breech position during pregnancy (girls 12%,
boys 2.6%) and a positive family history (girls 4.4%, boys
0.9%). Clubfoot has been thought to be a risk factor but this
no longer holds true.

Ultrasound (US) is the imaging technique of first choice
in infants younger than 6-9 months of age with suspicion of
DDH. After this age the physiological ossification of the
femoral epiphyses usually obscures an adequate overview of
the entire hip joint and a pelvic X-ray is preferred. With US
we are looking at the same anatomic structures as on a pelvic
X-ray, with the advantage of also displaying the cartilagi-
nous structures of the hip joint (Fig. 20.1). DDH on US is
classified according to the Graf classification in types I-IV
based on the morphology of the iliac bone, including the
shape of the acetabulum, the bony and cartilaginous acetabu-
lar rim, labrum, and position of the femoral head (Table 20.1).
It has been shown that US can also be used for guidance and
follow-up of manually as well as operatively reduced dislo-
cated dysplastic hips.

20.2.2 Transient Synovitis (Coxitis Fugax) [1, 2]

Transient synovitis of the hip is an aseptic inflammation. It is
the most common cause of hip pain or limping in children
under the age of 10 years and is thought to have a postviral
etiology. Although limping or hip pain is usually the only

complaint at presentation, affected children might be mildly
ill or recently have suffered from a low-grade upper respira-
tory tract infection. Transient synovitis is a self-limiting dis-
ease, usually only requiring rest and analgesics as treatment.
Although imaging is not strictly indicated, an US is often
performed to confirm the diagnosis and/or rule out other
causes. The only finding on US is a (small) joint effusion.
Pelvic X-ray is only indicated when other differential diag-
noses are considered. In case of a sick child, a septic arthritis
should always be considered.

20.2.3 Legg-Calvé-Perthes Disease (Perthes
Disease) [2-4, 8-10]

Perthes disease is an idiopathic avascular necrosis of the
proximal femoral epiphysis. It typically occurs between the

Table 20.1 Graf’s classification for developmental dysplasia of the
hip (short version) [4, 5]

Type a angle® Additional features
Type I >60°

Type Ila 50-59° Appropriate for age
Type IIb 50-59° Inappropriate for age
Type Ilc 43-49°

Type D 43-49° Decentering hip
Type 11T <43° Eccentric hip

Type IV <43° Inverted labrum

“The a angle is a measurement of the bony roof of the acetabulum on
ultrasound

Fig. 20.1 TIllustration of how the ultrasound (US) of the hip in DDH is performed (a) and displayed (b). The white horizontal line projected on
the X-ray of the pelvis (a) represents the position of the US transducer. (Courtesy of S.G.F. Robben, MUMC, Maastricht, the Netherlands)
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Fig.20.2 Pelvic X-rays in Perthes disease. (a) In the early phase, only subtle flattening and sclerosis of the epiphysis of the left hip is seen. (b) A
few months later progressive flattening with fragmentation and sclerosis of the epiphysis has developed

age of 5 and 8 years (range 3—12 years) with a male pre-
dominance. Although usually unilateral, Perthes disease can
occur bilaterally. In bilateral cases its presentation is usually
asymmetric in contrast to epiphyseal skeletal dysplasias. On
US a joint effusion can be the only sign in early stages.
Other US findings include collapse and fragmentation of the
epiphysis and atrophy of the quadriceps muscles (due to dis-
use). Pelvic X-ray is, however, the most commonly used
imaging modality in (suspicion of) Perthes disease but
might be normal or show only subtle flattening of the epiph-
ysis in early stages (Fig. 20.2). In later stages, progressive
flattening and collapse, sclerosis, and subchondral fractures
can develop, best appreciated on the frog-leg lateral view.
Furthermore, metaphyseal lucencies can occur. During the
healing phase, Perthes disease often results in a broad femo-
ral head and collum (also called coxa magna) with a second-
ary enlarged and somewhat shallow acetabulum. Magnetic
resonance imaging (MRI) can be performed but is usually
only indicated in complex cases in which surgical recon-
struction is considered. In the early phase, MRI will show
bone marrow edema in the proximal femoral epiphysis on
T2-weighted images with loss of high (fatty) bone marrow
signal on T1-weighted images. A subchondral (and some-
times radiographically occult) fracture can be detected on
MRI as a double rim sign on T2-weighted images with fat
saturation. Furthermore, joint effusion may be present and
the cartilage may become hypertrophic. Although treatment
is usually conservative and symptomatic, sometimes surgi-
cal reconstruction is indicated (e.g., Salter osteotomy) to
prevent development of early osteoarthritis. Besides epiphy-
seal skeletal dysplasias, the most important differential
diagnostic consideration should include secondary avascu-
lar necrosis (due to corticosteroid therapy, sickle cell ane-
mia, SLE or as complication of hip dysplasia treatment). In
the latter, the clinical information will usually help to distin-
guish it from Perthes disease.

20.2.4 Slipped Capital Femoral Epiphysis
(SCFE) [2-4, 9]

Slipped capital femoral epiphysis (SCFE) is an idiopathic
Salter-Harris type 1 epiphysiolysis of the proximal femoral
epiphysis. It more commonly affects boys and obese children
with a typical age at presentation between 12 and 15 years.
In approximately one-third of cases, SCFE occurs bilater-
ally. On imaging the epiphysis is displaced posteriorly and
slightly medially, which is best appreciated on the frog-leg
lateral view (Fig. 20.3). To prevent further slippage, SCFE is
treated by surgical fixation. Avascular necrosis of the femo-
ral head is a potential complication.

Key Point

e Ultrasound (US) and conventional radiography
(CR) are the imaging modalities of first choice in
pediatric patients with suspicion of hip pathology.

20.3 Infectious and Inflammatory Diseases

20.3.1 Osteomyelitis [11-16]

Infections of the bone and bone marrow are rare in children
with a reported incidence of approximately 1:5000 children.
More than half of the cases occur in children under 5 years of
age, and boys are twice as often affected than girls. The
lower limb is involved in over 70% of cases with the knee as
most common location. It is usually mono-ostotic at presen-
tation but can be polyostotic, particularly in neonates (22%)
and infants (6.8%). Children with hemoglobinopathies (e.g.,
sickle cell disease) and immunodeficiencies are at increased
risk of developing osteomyelitis.
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Osteomyelitis usually develops via hematogenous spread,
often after a minor trauma. Other routes of infection include
direct inoculation and local extension from contiguous soft
tissue infection. The most common organism involved is
Staphylococcus Less frequently, p-hemolytic
Streptococcus, Streptococcus pneumonia, Escherichia coli,
Pseudomonas aeruginosa, and Haemophilus influenzae are
cultured from blood or aspirates, although the incidence of
Haemophilus influenzae osteomyelitis has decreased dra-
matically since the introduction of HIB vaccination. In neo-
nates, Enterobacteria and Candida albicans can also cause
osteomyelitis, and in infants Kingella kingae is increasingly
cultured. It should be mentioned, however, that blood cul-
tures are only positive in 30-50% of cases.

The presentation of osteomyelitis in children is age-
dependent and related to the developing skeleton. In infants
diaphysial vessels still penetrate the growth plate to reach the

aureus.

Fig. 20.3 Frog-leg view of the pelvis demonstrating the posterior and
slightly medially displaced epiphysis of the left hip in slipped capital
femoral epiphysis (SCFE)

epiphysis, facilitating epiphyseal and joint infections in this
age group. In contrast, in older children, the growth plate
constitutes a barrier for the diaphysial vessels. These vessels
terminate at the metaphysis in slow flow venous sinusoidal
lakes, predisposing the metaphysis as the starting point for
acute hematogenous osteomyelitis. Furthermore, because
the periosteum is less firmly attached to the cortex in infants
and children than in adults, elevation will be more pro-
nounced in childhood osteomyelitis. Sequestration is infre-
quently seen and rare in neonates.

When osteomyelitis is suspected, conventional radiogra-
phy (CR) is usually the modality of first choice (Fig. 20.4a).
In the early phase, soft tissue swelling is often the only sign
detected, as bone destruction and periosteal reaction become
obvious only 7-10 days after the onset of disease and peri-
osteal thickening is a late finding. With US, cortical defects
and subperiosteal as well as juxtacortical soft tissue swell-
ing and abscesses can be easily detected. The detection of
these abscesses is important as these patients often require
US-guided or surgical drainage instead of antibiotics only.
Although computed tomography (CT) will demonstrate osse-
ous changes earlier than CR, it is not a preferred technique
because of its higher radiation dose. However, CT is superior
to other imaging modalities (including MRI) in visualizing
osseous destruction, gas in the bone, and bone sequestra-
tion. Because of its excellent soft tissue contrast, MRI is an
invaluable imaging technique for more clearly demonstrating
intra- and extraosseous extension of the osteomyelitis, par-
ticularly in complex cases (Fig. 20.4b). Imaging characteris-
tics include ill-defined low T1 and high T2 signal intensity of
the bone marrow, periosteal thickening, poorly defined soft
tissue planes, lack of cortical thickening, and poor interface
between normal and abnormal marrow. Another imaging
sign that can be seen are the so-called “fatty globules” in the
infected bone marrow best seen on T1-weighted sequences.

Fig. 20.4 Osteomyelitis in a 1-year-old boy with fever and left limb
pain. (a) Pelvic X-ray demonstrating a metaphyseal located radiolu-
cency suspicious of osteomyelitis. (b) Coronal T2 STIR-weighted MR

image of the pelvis and hip nicely illustrating the involvement of both
the metaphyses and epiphysis of the left hip with surrounding bone
marrow edema, joint effusion, and only minor soft tissue changes
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The use of gadolinium is mandatory and increases the diag-
nostic confidence as well as the detection of (small) abscesses
and draining sinuses. Nuclear medicine (including 99mTc-
methylene diphosphonate scintigraphy (99mTc-MDP scin-
tigraphy) or 18F-fluorodeoxyglucose positron emission
tomography/CT (18F-FDG-PET/CT)) can be used for the
detection of osteomyelitis but at the expense of higher radia-
tion doses. These techniques are usually reserved for those
cases where the site of infection is unclear or if MRI is not
possible or available (e.g., because of sedation/anesthesia).

20.3.2 (Spondylo)discitis [17]

Spondylitis or (spondylo)discitis in children is usually a low-
grade infection of the vertebral body and/or intervertebral
disc. The average age at diagnosis is 2-8 years, which is
explained by the fact that the vascularization of the vertebral
bodies in young children is made up of vessels across the car-
tilaginous vertebral plate and into the ring. After the age of
8 years, these vessels disappear, but a rich anastomotic net-
work of vessels remains in the periphery of the disc until ado-
lescence. (Spondylo)discitis in children mainly involves the
lumbar and lumbosacral spine. Many organisms can cause
spondylodiscitis, but again positive cultures are only seen in
up to 50% of cases. In the early stages of the disease, CR has
low sensitivity and specificity. The first radiological signs
include intervertebral disc space narrowing with indistinct
endplates on either side and eventually destruction of the end-
plates, but these signs can occur for the first time up to
2-8 weeks after the onset of symptoms. MRI is the imaging
modality of choice in case of (suspected) (spondylo)discitis,
demonstrating signal intensity abnormalities in the interverte-
bral disc and adjacent vertebral bodies. Paravertebral soft tis-
sue extension (including abscesses) can also be easily seen.

20.3.3 Septic Arthritis [14, 16, 18]

Intra-articular infections in children are most commonly
caused by hematogenous spread of microorganisms into the
joints. However, in infants direct extension into the joint
space from adjacent osteomyelitis can also cause septic
arthritis, due to the diaphysial vessels that still penetrate the
growth plate to reach the epiphysis. The hip joint is the most
frequent location, followed by the knee, shoulder, and elbow.
Early diagnosis is mandatory to prevent cartilage destruc-
tion, joint deformity, growth disturbance, and eventually pre-
mature arthrosis. As in osteomyelitis, the most common
etiologic organism is Staphylococcus aureus. Other etiologic
organisms include group A Streptococcus and Streptococcus
pneumoniae, group B Streptococcus and Escherichia coli (in
neonates), and Neisseria gonorrhoeae in adolescents.

As many children do not present with an obvious clinical
picture, imaging is important to detect septic arthritis and
give additional information of the suspected joint. CR has
low sensitivity and specificity for septic arthritis, can be nor-
mal, or can demonstrate joint space widening with adjacent
soft tissue swelling. US is a very sensitive technique for the
detection of joint effusion, and small amounts up to 1 ml can
be detected. However, the specificity toward the diagnosis is
poor as neither the amount nor the echogenicity of the effu-
sion can distinguish infectious from noninfectious effusion.
On the other hand, the absence of joint effusion virtually
excludes septic arthritis. Again, MRI is very sensitive for the
detection of joint effusions and synovial disease. In the early
stage of the infection, the joint effusion tends to have a non-
specific T2 high signal intensity, whereas in later stages, it
tends to have a more intermediate and heterogeneous signal
intensity. Fat suppression sequences after intravenous gado-
linium injection will show synovial enhancement. Moreover,
MRI can demonstrate cartilage destruction and adjacent soft
tissue involvement.

Key Point

e The clinical and radiological presentation of osteo-
myelitis, (spondylo)discitis, and septic arthritis in
children is age-dependent and related to the devel-
oping skeleton.

20.3.4 SoftTissue Infections [19, 20]

This includes cellulitis, soft tissue abscesses, pyomyositis,
and necrotizing fasciitis. In children there is a predilection of
these types of infections for the extremities. The most com-
mon etiologic organisms are Staphylococcus aureus and
Streptococcus pyogenes. The preferred imaging techniques
to investigate these infections include US (including color
Doppler imaging) and MRI (including contrast-enhanced
and diffusion-weighted imaging) because of their high spa-
tial resolution and excellent soft tissue contrast. A detailed
discussion falls beyond the scope of this chapter and the
interested reader is referred to the literature.

20.3.5 Chronic Recurrent Multifocal
Osteomyelitis (CRMO) [21-23]

Chronic recurrent multifocal osteomyelitis (CRMO) or
chronic nonbacterial osteomyelitis is a rare and poorly
understood disease that primarily occurs in late childhood
and adolescence. It is believed to be the pediatric variant
of SAPHO syndrome, which is a combination of synovitis,
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acne, pustulosis, hyperostosis, and osteitis. The exact eti-
ology is unknown although it is thought to be an autoim-
mune disorder. CRMO most commonly affects the lower
limbs followed by the pelvis, spine, and anterior chest wall
(including the claviculae). MRI is the imaging modality of
choice showing nonspecific multifocal and often symmetric
bone marrow signal intensity changes (T1 hypointense and
T2 hyperintense), usually located in the metaphysis of the
long bones, and with minimal soft tissue involvement. MRI
is especially useful to demonstrate the extent of the disease,
detecting asymptomatic sites in up to 20% of cases. CR has
low sensitivity and specificity but may demonstrate focal
lysis at the involved sites, reactive hyperostosis, and perios-
teal reaction.

20.3.6 Juvenile Idiopathic Arthritis (JIA)
[18, 24-27]

Juvenile idiopathic arthritis (JIA) encompasses seven sub-
types of (aseptic) arthritis with onset before the age of
16 years and persistence of symptoms for more than 6 weeks
(Table 20.2). Its prevalence varies between 0.07 and 4.01 per
1000 children. JIA most commonly involves the knee, fol-
lowed by the ankle, wrist, hand, and others. The etiology and
pathophysiology of JIA are still not completely understood.
Early manifestations of JIA include synovial inflammation,
causing periarticular demineralization and joint effusion.
Ongoing inflammation will result in synoviocyte prolifera-

tion, increased metabolic requirements, and neovasculariza-
tion which causes pannus formation. Furthermore, it is
thought that autoantibody depositions and degradative
enzyme activation lead to cartilage damage and bone
changes, which in the end can progress to joint space nar-
rowing and ankyloses.

Traditionally, CR is used to assess the bone (osteopenia,
periostitis, erosions), joint (narrowing, effusion, synovitis),
and growth (malalignment, length discrepancy) abnormali-
ties in JIA. Recently introduced pediatric scoring systems
have increased the value of CR in JIA. However, as CR can
be normal or only show minor changes early in the disease
and outcome and prognosis correlate with early initiation of
treatment, there is an increasing emphasis on the detection of
articular inflammation before radiographically detectable
changes occur. This is much better evaluated with US and
MRI. Several studies have shown that US outperforms clini-
cal evaluation in the identification of synovitis and in distin-
guishing joint disease from tenosynovitis. US appears to be
particularly useful in the evaluation of deeper joints, such as
the hip, and smaller complex joints, such as the ankle, mid-
foot, and wrist. Imaging findings on US include synovial
hypertrophy (uniform, nodular, fibrous stands, villi), joint
effusion, and increased color Doppler signal. It is good to
realize that isolated joint fluid is not specific for articular
inflammation because joint effusion is common in healthy
children; e.g., it is present in up to 60% of knees and often
seen in at least one joint of the wrist. Tenosynovitis is another
imaging finding that is frequently seen in JIA, characterized

Table 20.2 Subtypes of juvenile idiopathic arthritis (JIA) according to the Revised Criteria of the International League of Associations for

Rheumatology [24]

Frequency
Subtype Definition (%) Age at onset Sex ratio
Systemic arthritis Presence of arthritis accompanied or preceded by daily fever of at least 2-week 4-17% Throughout F=M
duration plus at least one of the following: typical evanescent erythematous rash, childhood
hepatomegaly or splenomegaly, generalized lymphadenopathy, or serositis
Oligoarthritis <4 joints affected during the first 6 months of disease, subtypes: 27-56% Early F>>>M
— Persistent: confined to <4 joints throughout the disease course childhood
— Extended: extension to >4 joints after first 6 months of the disease
Polyarthritis, RF ~ >5 joints affected during first 6 months of disease and absence of [gM RF 11-28%  Biphasic: F>>M
negative 2-4 years
6-12 years
Polyarthritis, R >5 joints affected during first 6 months of disease and presence of [gM RFon at  2-7% Late childhood F>>M
positive least two occasions more than 3 months apart or adolescence
Psoriatic arthritis  Combination of arthritis and typical psoriatic rash or (if rash is absent) presence ~ 2-11% Biphasic: F>M
of arthritis and any two of the following: family history of psoriasis in a 2-4 years
first-degree relative, dactylitis, or nail pitting 9-11 years
Enthesitis-related  Enthesitis and/or arthritis; most common sites of enthesitis are calcaneal insertion 3-11% Early M>>F
arthritis of the Achilles tendon, plantar fascia, and tarsal area; arthritis commonly affects childhood or
joints of lower extremities; sacroiliac involvement and lumbosacral spine may adolescence
occur; most children are HLA-B27 positive or have family history of HLA-B27-
associated disease
Undifferentiated  Arthritis that either does not fulfill any of the subtypes or can fulfill >2 other 11-21% NA NA
arthritis subtypes

RF rheuma factor, NA not available
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by abnormal hypoechoic or anechoic thickening of the ten-
don sheath with or without accumulation of fluid. Color
Doppler signal can be present but is not required for diagno-
sis. Tenosynovitis is most commonly seen around the ankle
joint and in the extensor compartment of the wrist. Other US
findings include increased color Doppler signal in the epiph-
yseal cartilage, decreased thickness of the joint cartilage,
periarticular erosions, and enthesopathy. On MRI involved
joints will show synovial thickening, joint effusion, and/or
synovial enhancement on contrast-enhanced sequences.
Furthermore, MRI can demonstrate signs of tenosynovitis
and enthesitis, cartilage damage and bony erosions
(epiphyseal), bone marrow edema, and increased vascularity
of epiphyseal cartilage. It is good to realize that the wide-
spread adoption of US and MRI in the diagnosis and follow-
up of JIA requires a good understanding of the imaging
findings and its clinical implications, as well as the develop-
ment of validated pediatric joint assessment protocols.
Furthermore, a substantial number of healthy children appear
to have “abnormalities” in one or more joints, including bone
marrow edema, joint effusion, erosion-like lesions, and even
synovial thickening and signs of tenosynovitis. That is why
current research is focusing on differentiating pathologic
bony, cartilage, and other articular abnormalities from nor-
mal developmental variants.

Key Point

e Knowledge of the many normal variants in the pedi-
atric musculoskeletal system that can simulate dis-
ease is essential to be able to differentiate them
from pathologic bony, cartilage, and articular
abnormalities.

20.4 Neoplastic Diseases
20.4.1 Bone Tumors [28, 29]

The vast majority of pediatric bone tumors are benign and
include osteochondroma, nonossifying fibroma, unicameral
or simple bone cyst (UBC), aneurysmal bone cyst (ABC),
and osteoid osteoma. They are most frequently found
between 5 and 25 years of age, often incidentally (e.g., after
minor trauma). Benign bone tumors usually do not require
treatment or follow-up, although some might become symp-
tomatic and may require (surgical) intervention (e.g., pedun-
culated osteochondroma and osteoid osteoma). When
patients are symptomatic, they most commonly present with
pain that is mild, only activity-related, and nonprogressive.
Nonprogressive nocturnal pain reliably relieved with aspirin
or nonsteroidal anti-inflammatory drugs is typical of an oste-

oid osteoma. Sometimes the presenting symptom is a patho-
logic fracture (e.g., in UBC).

Malignant bone tumors constitute around 6% of all child-
hood cancer in patients under the age of 20 years and are the
seventh most common type of tumors in children.
Approximately two-thirds of these are osteosarcomas, with
the remainder largely belonging to the Ewing sarcoma fam-
ily of bone tumors. Malignant bone tumors occur mainly
during adolescence and young adulthood. Patients with
malignant bone tumors nearly always present with com-
plaints of deep, achy, and unrelenting pain and swelling. A
pathologic fracture, although uncommon, can also be a pre-
senting feature in a minority of malignant bone tumors.

Imaging studies are essential for diagnosis, planning
biopsy (if indicated), and follow-up during treatment. They
can aid in differentiating a benign from malignant lesion by
providing essential information regarding its nature, size,
anatomic location, and effect on surrounding bone or soft tis-
sues. Furthermore, involvement of adjacent joints and neu-
rovascular structures can be assessed which is particularly
important when surgical intervention is considered or indi-
cated. CR should always be obtained before advanced imag-
ing is performed as it is very helpful in establishing a first
differential diagnosis. Imaging findings that can be assessed
on CR include anatomic location of the lesion and position
within a given bone; whether the tumor is radiolucent or
radiodense or has a mixed appearance; and what the tumor’s
effect is on the bone and the bone’s effect on the tumor.
Benign bone tumors usually have sharply demarcated mar-
gins with a narrow transition zone with a geographic pattern
of bone destruction with smooth and uninterrupted periosteal
reaction. Malignant bone tumors, on the other hand, usually
have poorly defined margins with a wide zone of transition
suggesting a fast-growing lesion and a permeative or moth-
eaten pattern of bone destruction with a malignant (sunburst
or onion skin-like) periosteal reaction (Fig. 20.5). In most
benign bone tumors, CR will suffice and no further imag-
ing is needed. Computed tomography has a limited role to
play in pediatric patients and must be used only when a real
benefit is expected (e.g., for diagnosis and/or treatment of
osteoid osteoma or in CT-guided biopsies). MRI is the imag-
ing modality of choice, in particular in (suspected) malignant
bone tumors, to define tumoral extension within the bone and
in the soft tissues, involvement of adjacent joints and neuro-
vascular structures, and presence/absence of skip lesions. It
should be performed before a (needle) biopsy is performed
as this can induce edema or hematoma, which will impact
the image quality and interpretation. Furthermore, MRI is
used as follow-up during chemotherapy and for preopera-
tive planning after chemotherapy. The MRI protocol should
include at least coronal T1-, axial T2-, 3D T1-weighted con-
trast-enhanced fat saturation sequences, as well as DWIL. A
T1- or STIR-weighted sequence in the sagittal or coronal
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Fig. 20.5 X-ray of the right distal femur illustrating a malignant peri-
osteal reaction (sunburst aspect with Codman’s triangles) in a 9-year-
old child with osteosarcoma. Furthermore, a permeative sclerotic mass
is seen with osteoid formation and extension into the adjacent soft
tissues

plane covering the entire bone should be added to look for
skip metastases metastases. 18F-FDG PET/CT has also been
used to assess metastatic disease as well as the response to
neoadjuvant chemotherapy, but its use depends on the type of
malignant bone tumor and/or treatment protocol.

20.4.2 Soft Tissue tumors [30-33]

As in pediatric bone tumors, the overwhelming majority of
soft tissue tumors in children is benign. The most common
benign soft tissue tumors are the vascular tumors and malfor-
mations, followed by lipomas, pseudotumors, fibrohistio-

cytic tumors, and peripheral nerve sheath tumors. The
presenting symptom is usually a bump or fullness which can
be symptomatic or entirely painless. In general, benign soft
tissue tumors are less than 4 cm in diameter. Malignant soft
tissue tumors are rare, accounting for only 1% of all soft tis-
sue tumors in children. Soft tissue sarcomas constitute 7% of
all the childhood cancers in patients under the age of 20 years
and are the sixth most common type of tumor in children.
Rhabdomyosarcoma (RMS) represents 50% of all soft tissue
sarcomas. The most frequent non-RMS malignant tumors
are peripheral primitive neuroectodermal/Ewing sarcoma
family tumors (pPNET/Ew) (19%), malignant peripheral
nerve sheath tumors (6.5%), infantile fibrosarcomas (6%),
and synovial sarcomas (SNVS) (5%). Age of the patient, site
of the lesion, clinical history, and especially chronicity of the
lesion are cornerstones in the differential diagnosis.
Furthermore, predisposing diseases and/or syndromes must
be taken into account (e.g., neurofibromatosis, Li-Fraumeni
syndrome). Clinical criteria that are suspicious of a malig-
nant soft tissue tumor include a size greater than 5 cm,
increasing size over time, pain, and a deep location of the
tumor.

US is the imaging modality of first choice, especially for
small lesions. Imaging features to look for include size, reg-
ular/sharp versus irregular margins, solid versus cystic com-
ponents, echogenicity, fluid-fluid levels, calcifications, and
vascularity on color Doppler imaging. CR can be used to
detect and characterize calcifications and involvement of the
adjacent bones (scalloping and erosion versus a destructive/
invasive appearance). If a definitive diagnosis cannot be
made based on the US and/or CR appearance, MRI is the
imaging modality of choice to further explore the lesion. As
in bone tumors, this should be done prior to biopsy or sur-
gery to accurately delineate tumor composition and exten-
sion, as well as its relation to adjacent anatomical structures
such as bone, joints, and neurovascular bundle. The MRI
protocol should at least include T1- and T2-weighted
sequences without/with fat saturation and contrast-enhanced
T1-weighted sequences. The addition of DWI is recom-
mended but not mandatory, as its role in distinguishing
benign from malignant tumors and evaluation of response to
therapy has not yet been conclusively demonstrated.

Key Point
e The vast majority of bone and soft tissue tumors in
children is benign.



20 Non-traumatic Musculoskeletal Diseases in Children

291

20.5 Concluding Remarks

Imaging plays an essential role in the diagnosis and follow-
up of musculoskeletal diseases in children. The radiological
evaluation is challenging because of anatomical and physio-
logical differences between the pediatric and adult musculo-
skeletal system, as well as the great variety of diseases and
its typical presentation in children. Knowledge of these dif-
ferences and the optimal choice of imaging techniques are
essential to prevent any unnecessary delay in diagnosing
pediatric musculoskeletal diseases.

Take Home Messages

* The clinical and radiological presentation of mus-
culoskeletal diseases in children differs in many
ways from adults, in particular related to anatomi-
cal and physiological differences of the musculo-
skeletal system.

e There are many normal variants in the developing
skeleton that may simulate pediatric musculoskele-
tal disease.

* Knowledge of these differences and of the optimal
choice of imaging techniques is essential for an
adequate diagnosis of musculoskeletal diseases in
children.

e Ultrasound (US) and conventional radiography
(CR) are the imaging modalities of first choice in
most pediatric musculoskeletal diseases.
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