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Preface

This book grew from the commonsense notion that orthopedic surgeons and sports medicine clinicians need to under-
stand the practical application and interpretation of magnetic resonance imaging (MRI) for the sake of their clinical prac-
tices, while radiologists need broad clinical perspective in order to provide the best and most accurate MRI information
upon which patient care decisions must be made. As obvious as that notion might be, relatively little emphasis was placed
upon genuine, interdisciplinary MRI education for practicing doctors, especially at the early advent of MRI technology.
This need is now much better recognized, evidenced by the growth of excellent lecture-based educational opportunities.
Examples include interdisciplinary instructional courses taught by both radiologists and orthopedic surgeons at the
Radiological Society of North America and the American Academy of Orthopaedic Surgeons over the last half decade.

What has been missing from the educational landscape has been a focused, practical reference that would integrate
the basic needs of radiologists and clinicians alike. This was the impetus for the current book, which has been an extraor-
dinary cooperative venture by authors who were asked to bridge that gap in a single resource: orthopedic surgeons and
sports medicine specialists writing for the sake of their radiology colleagues, and radiologists writing for the benefit of
their clinician partners.

We sincerely hope that you will find the information in Magnetic Resonance Imaging in Orthopedic Sports Medicine
stimulating, useful, and efficient. Our ultimate hope is that it will benefit the quality of service provided by clinicians and
radiologists alike.

Robert A. Pedowitz, MD, PhD
Christine B. Chung, MD
Donald Resnick, MD
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1
Muscle

A. Radiologic Perspective: Magnetic Resonance Imaging of Muscle

Robert Downey Boutin

Muscles give us both stability and power for all body movements.
However, muscle contractions do more than enable our activi-
ties of daily living; they also allow us to exercise, which is
associated with beneficial effects on longevity, general health,
self-esteem, and mood.!> With exercise, however, there is also
the possibility of injury.

Traumatic insults to muscle in athletes are commonplace.
In one study of 2873 adolescents, for example, the rate of
injuries requiring medical attention was 40 injuries/100 ado-
lescents/year, with an even higher rate of injuries resulting in
time lost from sports (50 injuries/100 adolescents/year).’ With
regular recreational activities in adults, the annual injury rate
is approximately 6%, and approximately 62% of all sports
injuries reportedly result in time taken off work.* Elite athletes
also may be injured. Indeed, the overall level of injury to pro-
fessional soccer players is approximately 1000 times higher
than in industrial occupations that are typically regarded as
high risk (e.g., construction, mining).’

Athletic injuries to muscle have a wide variety of causes, treat-
ments, and prognoses. Given that the cause and severity of injuries
may be difficult to determine clinically in some cases, magnetic
resonance imaging (MRI) is utilized increasingly in identifying
the anatomic location and severity of various pain generators in
athletes. In so doing, MRI is increasingly playing a key role in
influencing treatment, predicting prognosis, assessing therapeu-
tic response, and detecting potential treatment complications.
After reviewing the principal indications for imaging of muscle
and commonly used MRI techniques, this chapter reviews nor-
mal compartmental anatomy, normal anatomic variations, sports-
related muscle injuries, and major differential diagnoses.

General Techniques and Indications
for Imaging of Muscle

Common imaging techniques available to assess sports-related
muscle injuries include radiography, computed tomography
(CT), sonography, and MRI. Although these techniques can

have complementary roles in achieving the correct diagno-
sis, each of these imaging methods has particular indications,
strengths, and limitations.

Radiography remains the most common initial imaging test
of choice to evaluate symptomatic patients. Not only does
radiography allow relatively inexpensive screening for many
osteoarticular derangements (e.g., fractures, arthritis), it also
displays abnormal radiodensities in musculotendinous struc-
tures (e.g., heterotopic ossification, calcium hydroxyapatite
crystal deposition).

Computed tomography facilitates the diagnosis of abnor-
malities such as those detected by radiography. Compared to
radiography, the cross-sectional display allows for more pre-
cise evaluation of certain muscle derangements, including the
characterization of mineralized matrix (e.g., calcification ver-
sus ossification, heterotopic ossification versus osteosarcoma).
Although CT is commonly helpful in the workup of suspected
heterotopic ossification, it is otherwise not commonly used for
imaging muscle because (1) it has limited contrast resolution for
examining muscle, and (2) it involves exposure of the patient
to radiation (which is a known carcinogen and a particular
drawback in younger patients). The actual radiation dose var-
ies substantially with the scan technique, but the United States
Food and Drug Administration estimates that an effective dose
of 10mSv (typical for a pelvic CT scan) may carry a 1 in 2000
lifetime risk of inducing fatal cancer, a risk that is important to
consider for athletic injuries that are not life threatening.® Other
experts conclude from the latest data that the risk of developing
cancer from a single body CT scan with a 10mSv dose is even
higher: 1 in 1000 for an adult and 1 in 550 for a child.”

Sonography can be helpful in the diagnosis of disorders
affecting muscles. Prime indications for sonography include
(1) differentiation between cystic and solid lesions, (2) inter-
rogation of soft tissue vascularity, and (3) dynamic exami-
nation of musculotendinous structures. However, potential
practical disadvantages of sonography commonly include
that it is regarded as an operator-dependent technique with
limited contrast resolution and limited tissue penetration.



TABLE 1.1. Potential indications for MRI of muscle in athletes and
other patients.

« To facilitate prompt diagnosis when necessary for initiating proper manage-
ment for athletic injuries, particularly when the clinical diagnosis is uncertain

« To characterize the severity of injury or the presence of complications
(when these considerations may affect management)

* To evaluate for uncommon sources of muscle pain in patients with an
atypical clinical presentation or recalcitrant symptoms

« To provide objective documentation of the presence, progression, or
resolution of a muscle disorder (e.g., patient is a poor historian,
medicolegal situations)

« To display preoperative localization or planning information

« To help predict the prognosis (e.g., estimate recovery time) in athletes

« To investigate a soft tissue mass in a patient without a clear history of
trauma

« To assess for an underlying structural cause of muscle weakness or neuropathy

 To evaluate the location, extent, and other manifestations of infection

« To assess the location and extent of myopathy, especially when it can help
establish a diagnosis, guide choice of a biopsy site, or assess treatment
response

Compared to MRI, for example, sonography is less sensitive
at detecting nonacute hamstring strains,® less accurate in
diagnosing atrophy in the supraspinatus and infraspina-
tus muscles,” and less suited to comprehensively assessing
a region for potential pain generators (e.g., stress fracture,
internal derangement).

Magnetic resonance imaging is commonly regarded as the
advanced imaging test of choice for muscle. Although MRI
of sports-related muscle injuries is a nascent field and has
limitations (e.g., dynamic and functional capabilities are not
routinely evaluated), the advantages of MRI include the lack
of ionizing radiation, excellent soft tissue contrast resolution,
and multiplanar tomographic display. Magnetic resonance
imaging facilitates the diagnostic process by detecting altera-
tions in muscle size, shape, and signal intensity. Potential indi-
cations for MRI of muscle in athletes and other patients are
listed in Table 1.1.

Common Magnetic Resonance Imaging
Techniques

Routine Magnetic Resonance Imaging Protocol

Although MRI protocols used to assess muscle disorders vary
considerably, these exams commonly include a combination
of pulse sequences in both long-axis (sagittal or coronal) and
short-axis (axial) planes. Long-axis images (parallel to long
bones) are prescribed with a field of view sufficient to provide
an overview of the proximal-to-distal extent of a muscle
disorder. Axial images enable cross-sectional evaluation of
individual muscles, compartments, and neurovascular struc-
tures. Compared to the long-axis images, the axial images
often utilize a smaller field of view that facilitates higher spa-
tial resolution. One example of a routine screening exam for
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muscle disorders or masses includes five pulse sequences: long
axis T1-weighted and fast spin echo (FSE) inversion recovery
(IR) images, as well as axial T1-weighted, FSE T2-weighted,
and FSE fat-suppressed T2-weighted images.

Another, more abbreviated MRI protocol to evaluate muscle
injuries using four pulse sequences also is commonly reported
in clinical practice. For example, for a suspected hamstring
strain,® FSE proton density (repetition time [TR]/echo time
[TE]Jeff, 5000-6500/45) and FSE IR (TR range/TE range,
4000/35-55; inversion time, 120 ms) images may be acquired
in both long-axis and axial planes (using a phased-array shoul-
der surface coil with a 20-cm field of view, 5-mm section thick-
ness, no interslice gap, and two signals acquired). Regardless
of the particular pulse sequences utilized, placement of a skin
marker at the maximal site of symptoms facilitates direct cor-
relation between the clinical and imaging findings.

Supplemental Magnetic Resonance Imaging
Techniques

Other MRI techniques also may prove helpful in establish-
ing a diagnosis, including contrast-enhanced imaging and
gradient-echo imaging. Although intravenous gadolinium-
based contrast material is generally not helpful for the rou-
tine MRI assessment of sports-related muscle injuries,'® it
may be helpful in some circumstances.''"* Contrast mate-
rial is indicated most commonly for reasons other than typ-
ical muscle injuries in athletes, such as characterization of
(1) synovitis,' (2) soft tissue necrosis (e.g., myonecrosis),
and (3) certain mass lesions (e.g., differentiation of solid
versus cystic lesions; identifying optimal biopsy sites that
are free of necrosis or have active areas of inflammation;
evaluating an operative bed for recurrence after sarcoma
resection).

Gradient-echo imaging can be particularly useful for inten-
tionally accentuating paramagnetic effects. Although these
effects may result in “blooming” or susceptibility artifact that
obscures adjacent anatomic structures and does not contrib-
ute to making a diagnosis in most athletic injuries, this pheno-
menon can help in honing a differential diagnosis by calling
attention to hemosiderin, gas, ferromagnetic foreign bodies,
or prior surgery (even on low-resolution localizer images).
Fast gradient-echo images can be used to provide high tempo-
ral resolution for assessing anatomic and pathologic changes
in muscle. For example, muscle contraction during the MRI
examination may demonstrate retraction of a torn muscle,
dynamic nerve entrapment,'S or dynamic muscle herniation
through a fascial defect.'®

Experimental Magnetic Resonance Imaging
Techniques
Promising pulse sequences used for studying muscle include

several dynamic and functional techniques. Dynamic techniques
with phase contrast imaging allow real-time imaging at several



1. Muscle

frames per second and may prove useful in both biomechani-
cal and clinical analysis of muscle contraction in vivo (e.g.,
quantitative measurement of three-dimensional muscle veloci-
ties).!18 Magnetic resonance elastography can simultaneously
measure muscle stiffness and temperature,'® and is sensitive to
both muscle morphology (e.g., unipennate, longitudinal) and
fiber composition (e.g., type I or I1).%

Functional muscle MRI has been used to study muscle
activation patterns associated with various sports, optimal
sports performance, overuse injuries, and treatment inter-
ventions (e.g., physical therapy, anterior cruciate ligament
[ACL] reconstruction).?’” BOLD (blood oxygenation
level dependent) MRI produces contrast from changes in
the microvascular ratio of oxyhemoglobin (a diamagnetic
substance) to deoxyhemoglobin (a paramagnetic sub-
stance) that occur with maneuvers such as exercise, oxygen
administration, or certain medications (e.g., vasodilators).?
Evaluation of the microcirculation of normal and diseased
skeletal muscle may provide insights into such diverse top-
ics as muscle fiber composition in athletes and vascular
insufficiency.”

The functional MRI technique known as T2 mapping dis-
plays the spatial patterns of muscle recruitment and the inten-
sity of muscle activation immediately after exercise. This
transient activity-induced T2 hyperintensity occurs after as
few as one or two contractions®® and normally resolves within
30 minutes.” Increased T2 signal may be related partly to
osmotically driven shifts of muscle water that increase the vol-
ume of the intracellular space and metabolic end products that
cause postexercise intracellular acidosis.?® (Whereas surface
electromyography [EMG] is biased by activity in superficially
located muscles and detects electrical activity, T2 mapping
displays a global overview of metabolic activity in muscle.?!)
After completion of a training program, MRI demonstrates
that individuals performing a given exercise use less muscle
volume,* and that the exercise-induced T2 hyperintensity in
muscle is reduced.’® Magnetic resonance imaging also can be
utilized to assess the whole body mass and distribution of both
muscle and fat, both in athletes and in patients with muscle
disorders.*3¢

Normal Anatomy

The fundamental structural element of skeletal muscle is the
muscle fiber. Within each fiber, the contractile proteins myo-
sin and actin are incorporated into thick and thin filaments,
respectively, which are arrayed in longitudinally repeated
banding patterns termed sarcomeres.’” On a standard MR
image, a single pixel includes approximately 100 muscle
fibers,” and a typical motor neuron in the lower extremity
innervates approximately 400 muscle fibers.

The architecture of the fibers in any particular muscle is
directly related to the muscle’s function and mechanical behav-
ior. For example, the maximal force that can be produced by a

muscle is proportional to the physiologic cross-sectional area
of that muscle. On the other hand, the speed and amount of
shortening in any given muscle is proportional to the length of
its fibers. Imaging can be used to measure muscle contraction,
muscle thickness, pennation angle, and fascicle length.*-4

Compartmental Anatomy

Compartments are distinct domains bordered by tissues
(e.g., fascia, cortical bone) that tend to constrain the spread
of pathologic processes (e.g., compartment syndrome, infec-
tion, neoplasm). Knowledge of compartmental anatomy is of
particular importance in interpreting MRI exams of muscle,
and the work of others is summarized here.*'~** In the upper
extremity, the mid-arm has two muscular compartments
divided by the humerus and intermuscular septum: anterior
(biceps, brachialis, and coracobrachialis) and posterior (tri-
ceps). The forearm has been depicted as containing a vari-
able number of compartments, although dividing the volar,
dorsal, and mobile wad muscles into three compartments is
used commonly.

In the pelvis, each muscle is considered to be a separate
compartment. In the lower extremity, three compartments are
present in the mid-thigh: anterior (quadriceps and sartorius),
posterior (hamstrings), and medial (adductors and gracilis).
In the leg, four compartments are present: anterior (tibialis
anterior, extensor hallucis longus, extensor digitorum longus,
and peroneus tertius); lateral (peroneus brevis and peroneus
longus); superficial posterior (soleus, gastrocnemius, and
plantaris); and deep posterior (tibialis posterior, flexor digito-
rum longus, flexor hallucis longus, and popliteus). The ankle
and dorsum of the foot are considered extracompartmental,
but the plantar portion of the foot is divided into three com-
partments: medial, central, and lateral.

Anatomic Variations in Muscles

Anatomic variations in muscle are very common.** The mul-
titudinous anomalies that have been described may be divided
conceptually into those muscles that are (1) absent; (2) dou-
bled; (3) divided into two or more parts; (4) deviant in course;
(5) joined to a neighboring muscle; (6) altered in size or shape
(e.g., the distribution of the fleshy and tendinous portions); or
(7) completely new, “extra” muscles.*

Anomalous muscles are usually of no clinical signifi-
cance. However, these anatomic variations can become cru-
cially important in many situations,”*” including when they
are (1) misdiagnosed clinically as a palpable neoplasm or a
torn, retracted muscle; (2) compressing a neurovascular struc-
ture (e.g., causing compressive neuropathy); (3) contributing
to chronic compartment syndrome; (4) subjected to various
insults (e.g., strain injury); or (5) encountered during surgery
(e.g., surgical anatomy implications, potential for harvest of
accessory tissue).



TaBLE 1.2. Muscle variations and their prevalence*.

Muscle Variation Prevalence (%)

Upper extremity

Biceps 8-20
Pronator teres 8
Anconeus epitrochlearis 5-25
Palmaris longus 11-13
Flexor digitorum superficialis 14
Abductor digiti minimi 24
Lumbricals 20
Pelvis and lower extremity

Piriformis 15
Gastrocnemius 3-5
Peroneus quartus 10-22
Accessory flexor digitorum longus 2-8
Accessory soleus 1-6
Peroneocalcaneus internus 1

* Although most variations are not clinically significant, they become impor-
tant most commonly when they are misdiagnosed clinically as a soft tissue
neoplasm or when they compress an adjacent nerve or blood vessel.

Anatomic variations are generally underdiagnosed in daily
practice. Magnetic resonance imaging facilitates the diagnosis
of an anomalous muscle by demonstrating its characteristic
morphology, origin, insertion, and course relative to adjacent
anatomic structures. However, anomalous muscles are often
inconspicuous with imaging, since these muscles have the
same signal intensity as neighboring skeletal muscles (assum-
ing the anomalous muscle is undisturbed by trauma or other
insults).

Although variations in musculotendinous anatomy can
occur throughout the body, these muscles come to clini-
cal attention most commonly in the wrist, hand, and ankle
regions. For example, in one study examining the volar
aspect of 42 normal wrists,*® MRI demonstrated a total of
23 muscle variations. In the ankle region, three anomalous
muscles are encountered with regularity*’**: (1) peroneus
quartus (prevalence, 10% to 22%), (2) flexor digitorum
accessorius longus (prevalence, 2% to 8%), and (3) acces-
sory soleus (prevalence, 1% to 6%). A few of the most com-
mon, clinically significant musculotendinous variations are
listed in Table 1.2.

Common Sports-Related Muscle Disorders

General categories of athletic muscle disorders include
biomechanical overload during muscle contraction (e.g.,
strain), blunt trauma (e.g., contusion), hemorrhage, het-
erotopic ossification, delayed-onset muscle soreness,
penetrating trauma (e.g., laceration), muscle herniation,
compartment syndrome, and denervation. Strains and con-
tusions reportedly comprise about 90% of all sports-related
muscle injuries,’® and are emphasized in the discussion
below with the related topics of muscle hemorrhage and
heterotopic ossification.

A. Radiologic Perspective: Magnetic Resonance Imaging of Muscle

Overview of Muscle Strain Injuries
Risk Factors

Magnetic resonance imaging is used commonly to study how
the characteristics of strain injuries vary depending on the
athlete’s sport, strength, endurance, technique, and expertise.
In general, research has shown that the strongest risk factor
for developing a muscle strain injury is a recent history of that
same injury, and the next strongest risk factor is a past history
of the same injury.”' For example, studies have shown a two to
seven times increase in hamstring strains occurring in athletes
with a prior history of such thigh injuries, and recurrence rates
generally ranging from 12% to more than 30%.5'-® Other risk
factors for muscle strain injuries may include low muscle
strength (or muscle strength imbalances), limited flexibility,
inadequate warm up, poor technique,’ and muscle fatigue.>*-%*
Concentric-only resistance training also increases the vulnera-
bility of muscle to eccentric exercise-induced injury, and MRI
has been used to objectively document the more widespread
muscle injury in this situation.*

Mechanisms of Injury

Why do muscles tear? Strain injuries commonly occur when a
powerful muscle contraction is combined simultaneously with
forced lengthening of the musculotendinous unit. Many spe-
cific biomechanical variables have been proposed, including
fiber strain magnitude, peak joint torque, and starting muscle
length.% Empirically, we know that muscle strains most com-
monly occur in the lower extremity muscles when recruited to
sprint, kick, jump, or pivot.>"33:57:6066

Different types of athletes may have very different injury
mechanisms and prognoses. For example, the two mecha-
nisms commonly implicated for hamstring strains in Aus-
tralian football players are sprinting/acceleration (81%) and
kicking (19%).%® However, in sprinters and dancers,’ one
study showed that all elite sprinters sustained their hamstring
strains during high-speed sprinting, whereas all professional
dancers were injured while performing slow stretching-
type exercises (rather than powerful muscle contractions).
While the initial loss of flexibility and strength was greater
in sprinters than in dancers (p<.05), the sprinters recovered
to preinjury performance levels more quickly (median 16
weeks [range 6-50] for the sprinters versus 50 weeks [range
30-76] for the dancers). Because the recovery interval is
variable, MRI has been used to help predict recovery time
(see below).

Magnetic Resonance Imaging Diagnosis and Grading
of Strain Injuries

Muscle strains may be graded along a spectrum of injury,
from mild (grade 1, microscopic injury) to moderate (grade
2, macroscopic partial tear) to severe (grade 3, complete tear).
Mild and moderate strain injuries are far more common than
complete tears.
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Grade 1 Injury

Mild (grade 1) strains are characterized by microscopic
injury to the muscle (also defined as less than 5% of fibers
injured, without gross fiber discontinuity). While clinical
examination reveals no significant loss in strength or range
of motion in most cases, MRI displays hyperintense signal
on fluid-sensitive images due to edema and hemorrhage in
the acute setting. This edema and hemorrhage may be seen
focally or diffusely in muscle, and reflects the severity of
the injury. Edema-like signal characteristically tracks along
muscle fascicles creating a feathery margin that reflects the
muscle architecture (Fig. 1.1).

Grade 2 Injury

With moderate (grade 2) strains, some muscle fibers are torn,
but there is continuity of some fibers near the site of injury.
(Partial tears may be further subdivided, and considered high
grade if more than 70% of the fibers are torn, moderate if 30%
to 70% of the fibers are torn, and low grade if less than 30%
of the fibers are torn.®’) The presence of a hematoma at the
musculotendinous junction (MTJ) is regarded as essentially
pathognomonic of a grade 2 strain injuries.®** In addition, a
rim of perifascial high signal intensity may track around the
muscle, particularly when there is disruption of the epimy-
sium. Perifascial (intermuscular) edema and blood are com-
mon, occurring in approximately 68% to 87%’! of athletes
studied with acute incomplete tears. This fluid signal intensity
commonly tracks along soft tissue planes into more distal and
dependent positions (due to gravity). When blood tracks into
the subcutaneous fat layer beneath the skin, this commonly
results in ecchymosis.

A B

Grade 3 Injury

With a complete tear, MRI displays discontinuity of all fibers
at the level of injury, with or without retraction of the torn
fibers (Fig. 1.2). Even when there is not gross retraction, torn
fibers may appear slightly lax upon careful inspection. Focal
collection of fluid-like signal intensity or hematoma typically
is identified in the gap created by a recent tear.

Magnetic Resonance Imaging Report Checklist

The checklist of MRI findings that should be reported for muscle
injuries generally includes at least five features: (1) the name of
the injured muscle(s); (2) the site(s) of injury within the muscle
(e.g., musculotendinous junction); (3) the extent of injury (e.g.,
injury grade, length of injured muscle in centimeters on long-axis
FSE-IR images, the amount of retraction in any torn fibers); (4)
any focal fluid collection, hematoma, or heterotopic ossification;
and (5) any other findings that may have treatment implications,
prognostic implications, or indicate the acuity/chronicity of the
injury (e.g., muscle atrophy, fibrosis). Pertinent negative findings
(e.g., normal bone) and any practical imaging differential diagno-
sis also are appropriate.

Natural History of Muscle Injury on Magnetic
Resonance Imaging

The MRI findings of strain injuries vary with time, and MRI
can distinguish between acute and nonacute injuries.”” Muscle
healing generally occurs through three interrelated, time-
dependent phases: (1) degeneration and inflammation,
(2) muscle regeneration and repair, and (3) remodeling.”"
The phases of the healing response tend to be similar regardless

FI1G. 1.1. Grade 1 strain in the distal semimembranosus in a 40-year-old man, 3 days after an injury that occurred while sprinting during a
lacrosse game. Sagittal fast spin echo (FSE) T2-weighted (A) and coronal fat-suppressed FSE proton-density (PD) images (B) show a feath-
ery pattern of high signal intensity adjacent to the musculotendinous junction (MTJ) (arrows). (C) Axial fat-suppressed FSE PD image shows
prominent perifascial fluid signal (arrows) that is characteristic of a recent injury (adjacent to the skin marker).



F1G.1.2. Complete proximal biceps femoris tear, 2 weeks after injury. Sag-
ittal T1-weighted image shows retraction of torn hamstring fibers into the
mid-thigh (long arrow), with the high signal intensity hematoma in the gap
(short arrow) created by the tear (at the level of the skin marker).

of the type of insult to muscle (e.g., strain, contusion, and lac-
eration), although the intensity and ultimate outcome may vary.

Acute Phase

Acutely, hemorrhage at the site of injury is followed by mus-
cle degeneration/necrosis and inflammatory cell response with
edema that begins in earnest by day 2.7 With MRI, T2 hyperin-
tensity peaks at 24 hours to 5 days after a muscle strain injury.'®
The edema-like signal on fluid-sensitive images tends to become
less conspicuous over time, generally resolving by 6 to 10 weeks.
Although a markedly abnormal scan at 6 weeks after injury may
predict an increased risk of reinjury,” persistent abnormalities
may be displayed by MRI at 6 weeks in 36% of athletes,” even
though most athletes have returned to competition. Functional
MRI techniques (e.g., MR elastography) ultimately may prove
helpful in evaluating the viscoelastic properties of injured mus-
cle for diagnostic and prognostic purposes.

Nonacute Phase

Microscopically, muscle regeneration and fibrosis (scar-
ring) begins by day 7 to 10.%7>7¢ With MRI, scar tissue may
become visible as early as day 14.7 At this time point, the scar
has matured enough so that it is no longer the weakest link;
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rather, if loaded to failure, the rupture usually occurs within
the muscle tissue adjacent to the newly formed “mini”—mus-
culotendinous junctions between the regenerated myofibers
and the scar tissue.” Over time, scar tends to become more
organized and well defined. Fibrosis is characteristically seen
on MRI as low signal intensity on all pulse sequences, but
may be inconspicuous.

With fibrosis, there is tissue retraction (volume loss) and the
ability of the muscle to lengthen is reduced, which presum-
ably makes the muscle more susceptible to recurrent strain.”>”
In part by inhibiting scar formation, the direct injection of
specific growth factors into injured muscle may significantly
improve the speed and degree of recovery.” Thus, MRI ulti-
mately may be used to diagnose muscle injuries, as well as to
guide percutaneous injections in the future.

In the chronic setting, residual hematoma also may cause
low signal intensity owing to the presence of hemosiderin,
most prominently on gradient echo images.

Anatomy at Risk

Where do muscles tear? When a musculotendinous unit is
strained to the point of failure, the “weak link” in the chain
formed by muscle, tendon, and bone tends to vary depending
on the age of the athlete. Although the subject of this chapter
is muscle (rather than bone or tendon), it is worth noting that
there tend to be three entirely different target sites for these
non—contact injuries, depending on whether the athlete is a
child, a young adult, or an older adult:

¢ In children and adolescents, the weak link tends to be located
at the physeal (growth) plate, and therefore injury caused by
excessive tension on the muscle-tendon-bone chain tends to
result in apophyseal avulsion fractures (Fig. 1.3).

¢ In young adult athletes, the biomechanically weak link tends to
be near the MTJ, and therefore this is the classic site for muscle
strains in this age group (Fig. 1.1).

¢ In older adults with tendinosis, biomechanical overload of
the musculotendinous unit commonly results in fibers tear-
ing at sites that are structurally weakened by tendon degen-
eration (Fig. 1.4).

Potential Clinical Relevance of Magnetic Resonance
Imaging Results

Because there are exceptions to these age-group generalizations,
MRI is commonly indicated to help guide management decisions
by pinpointing the location of injury in the muscle-tendon—bone
chain and defining the severity of injury. In particular, MRI objec-
tively documents injuries that may be amenable to surgical repair,
including tendon tears, tendon avulsions, and certain osseous avul-
sions. Magnetic resonance imaging also has been advocated in
the preoperative workup for a minority of patients with persistent
pain and functional limitations that may be related to heterotopic
ossification, extensive recurrent strain, musculotendinous fibrosis,
or adjacent soft tissue adhesions. For example, in the setting of a
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FI1G. 1.3. (A) In an older patient, axial FSE T2-weighted image shows an old, small, well-corticated, ununited avulsion fragment at the right
anterior inferior iliac spine. (B) More inferiorly, axial T1-weighted image demonstrates prominent low signal intensity owing to the presence

of fibrosis and mineralization.
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FI1G. 1.4. Tear through area of tendinosis in proximal hamstring tendon in a 61-year-old woman during low-energy trauma while shopping.
(A) Axial FSE T2-weighted image shows high signal intensity fluid abutting the ischial tuberosity (arrow) (the site of origin of the hamstring
tendons). (B) More distally, axial FSE T2-weighted image demonstrates the torn, degenerated hamstring tendon fibers (arrow) surrounded by

high signal intensity fluid (arrowheads).

chronic hamstring tear, surgical repair may be technically demand-
ing and possibly have suboptimal results, because (1) the sciatic
nerve is commonly encased in dense scar tissue that causes adher-
ence of the nerve to the torn hamstrings and (2) fibrosis and retrac-
tion of chronic tears may make mobilization of the tendon back to
the ischial tuberosity for repair difficult.%8!

Although most muscle strains can be managed conserva-
tively,? confirming the diagnosis of a muscle strain with MRI is
potentially important because other entities in the clinical differ-
ential diagnosis may be treated very differently (e.g., stress frac-
ture, compartment syndrome). In addition, an accurate diagnosis
is important because a specific graded supervised rehabilitation
program is considered crucial to minimizing morbidity,®>%
including osteoarthritis.®* The “muscle dysfunction hypothesis™*

reasons that properly contracting muscles are the main force
absorber for a joint, and that muscle injury can cause muscle
dysfunction that leads to articular biomechanical overload and
premature osteoarthritis. For example, this hypothesis suggests
that muscle dysfunction (rather than primary cartilage “wear and
tear”) is the reason that soccer players are at increased risk for
hip osteoarthritis compared to distance runners. (Soccer players,
unlike distance runners, suffer relatively frequent groin muscle
strains and quadriceps contusions.)

Commonly Strained Muscles

The three biomechanical characteristics that commonly put cer-
tain musculotendinous structures at risk for strain injury are that
they (1) undergo eccentric contraction, (2) cross two joints, and



(3) have a high proportion of fast twitch fibers. The most com-
monly strained muscles are in the lower extremity, and include
the hamstrings, quadriceps, adductors, and triceps surae. Less
commonly, strain injuries occur elsewhere, including the ante-
rior chest wall (e.g., pectoralis major®’), the upper extremity (e.g.,
triceps®), the abdominal wall (e.g., internal oblique muscle in
cricket and tennis players®>*7), and the paravertebral musculature
(e.g., in windsurfers and other athletes®%).

Hamstrings Strain
Anatomy and Mechanism of Injury

The hamstring muscle complex (i.e., biceps femoris, semiten-
dinosus, and semimembranosus) spans two joints, and func-
tions primarily to flex the knee and extend the hip. Sprinting
athletes sustain hamstring strains with an incidence rate of
almost 25%.”° A recent biomechanical study® suggests that
the hamstrings are most vulnerable to injury during a 130-ms
period during the late swing phase of sprinting (immediately
before foot contact) when the muscle is active, loaded, and
elongating while resisting knee extension. It is at this time
when the biceps femoris long head is particularly susceptible
to an eccentric (lengthening) contraction injury, reaching a
peak length that is 12% beyond the length seen in an upright
posture and significantly exceeding the maximum length of
the medial hamstrings (p<.01).°! The hamstrings muscula-
ture—and, in particular, the biceps femoris long head—also
may be prone to strain injuries for at least four additional rea-
sons: (1) it has a high proportion of powerful fast twitch (type
1) fibers,”? (2) it is often relatively weak (compared to the
antagonist quadriceps and iliopsoas muscles),” (3) it crosses
two joints (and therefore is subject to increased stretch and
force production extrinsically as both a hip extensor and a
knee flexor),”” and (4) the biceps femoris has two heads with
dual innervation and extensive attachments®** that may result
in asynchronous contraction.™®

Magnetic Resonance Imaging Findings

In the hamstrings, as elsewhere, distraction injuries in young
adults target the muscle (rather than the bone or tendon attach-
ments)’'. For example, in one study that included 30 athletes
with hamstring injuries,” the MTJ of the muscle was involved
in 93% (along the intramuscular MTJ in 24 cases and isolated
at the muscle ends in four cases), with only 7% of injuries that
extended to the eccentrically epimysium.

In another MRI study that imaged 179 acute hamstring
injuries in athletes with a mean age of 28 years,”® 154 inju-
ries (86%) were located within muscle. In contrast, only 21
occurred at the proximal tendon—bone attachment (16 avul-
sions and five partial tears), and only four occurred at the
distal tendon attachment (all avulsions). (The two osseous
avulsions that occurred were located at the ischium in skel-
etally immature adolescent athletes.) Of the muscle injuries,
the most commonly injured constituent was the biceps femo-
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ris (more than 80%), with far fewer injuries involving the
semimembranosus (14%) or semitendinosus (6%). Within
any given muscle, strain injuries were centered most com-
monly near the intramuscular MTJ. In the biceps femoris,
for example, 61% involved the MTJ, 35% involved the myo-
fascial junction (i.e., eccentrically, at the junction of muscle
and its epimysial covering), and 4% had only intramuscular
hematomas.

Other MRI studies of hamstring injuries in young adult
athletes also have found a particular propensity for the
following: (1) partial tears (far more common than com-
plete tears), (2) injuries preferentially involving the biceps
femoris long head (far more common than in the biceps
femoris short head or the “medial” hamstrings), and (3)
injuries involving the MTJ (far more common within the
muscle belly than at the ends of the muscle).””” Multiple
hamstring muscles may be injured in up to 33%’! to 40%™
of cases.

Quadriceps Strain
Anatomy and Mechanism of Injury

The quadriceps muscles (i.e., rectus femoris and vastus mus-
cles) function primarily to flex the hip and extend the knee.
Quadriceps strain injuries commonly occur during sprinting
and kicking (e.g., in track and field, football, soccer).!%® The
rectus femoris crosses two joints, has a high proportion of
type 2 fibers, and is by far the most commonly strained quad-
riceps muscle. The vastus muscles effectively cross only the
knee joint, are composed of predominantly type 1 fibers, and
are strained only occasionally.

Magnetic Resonance Imaging Findings

Rectus femoris strains in young adults typically are incom-
plete tears along the MTJ (more commonly along the deep
MT]J within the muscle belly than at the ends of the muscle)
(Fig. 1.5). These injuries classically target the muscle near
the hypointense central tendon and are associated acutely
with surrounding hyperintense signal on axial T2 images;
this concentric appearance on MRI has been termed an
acute “bull’s eye” sign.!? Interestingly, the mean recovery
interval is much longer for these rectus femoris strains
located centrally (along the central tendon) than those
located peripherally (even when their size is larger) (27
days vs. 9 days).!?

In older adults (at least 40 to 50 years of age), biomechani-
cal failure of the quadriceps more often occurs at the distal
tendon near the patellar attachment. Spontaneous or bilateral
distal quadriceps tendon ruptures are almost always associ-
ated with underlying tendinopathy or enthesopathy,” often
coupled with known risk factors for tendinopathy (e.g., cor-
ticosteroids, chronic renal disease, or diabetes),'®*1! although
exceptions do occur rarely in athletes.!*>!% Microscopic analy-
sis of spontaneously ruptured quadriceps tendons reveals that
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Fi1G. 1.5. Rectus femoris strain in a 24-year-old man, 1 day after sudden pain associated with kicking the ball during a soccer game. Axial FSE
T2-weighted (A) and axial FSE inversion recovery (IR) (B) images of the proximal thighs show a mild rectus femoris strain, with high signal
intensity surrounding the central tendon, as well as adjacent perifascial fluid signal (arrowheads).

collagen fiber diameter is significantly smaller than in normal
tendons (—24%; p <.00001).!% Failure of the rectus femoris at
its tendinous origin (direct head) has been reported rarely in
professional football kickers (without subjacent osseous avul-
sion).!® In adolescent athletes, avulsion of the anterior infe-
rior iliac spine is the second most common site for apophyseal
avulsions in the pelvis (only ischial tuberosity avulsions at the
hamstring origin are more common).

Adductor Strain
Anatomy and Mechanism of Injury

The thigh adductor muscles function primarily to adduct the
hip. Adductor injuries are thought to result commonly from
biomechanical overload when forced abduction of the lower
extremity occurs during eccentric contraction of adductor
muscles.'” Groin strains are relatively common and poten-
tially disabling athletic injuries that are associated with sports
requiring rapid changes in direction (e.g., hockey,**!%7 soccer,'®®
Australian football,'” American football,>''"® rugby!!!-112) 113
In the National Hockey League, for example, muscle strains
in the groin or adjacent abdominal regions occur with an inci-
dence of up to 20 injuries per 100 players per year, with 25
player games missed per year on each team and a large pro-
portion of recurrent injuries (24%).>*

Magnetic Resonance Imaging Findings

Adductor musculotendinous injuries are observed most
commonly at the adductor longus, with injuries less com-
monly reported at the gracilis,'"'"* adductor magnus,''
adductor brevis,"'3"¢ and iliacus'” (Fig. 1.6). In part
because the site and severity of injury are variable, experts
have highlighted the importance of individualized diagno-
sis and treatment.''® Magnetic resonance imaging helps dif-
ferentiate patients with acute adductor injuries into those
with partial tears in the muscle (who may be managed
nonoperatively)''® versus those with avulsions or complete

tears of the tendon (who potentially may be treated with
operative repair).'% Chronic overuse and other factors (e.g.,
fluoroquinolone antibiotics, such as ciprofloxacin) may
predispose the tendon or enthesis to mucinous degenerative
change, with rupture or avulsion seen even in young indi-
viduals by MRI.'106119-121 Adductor strains that are treated
improperly may become chronic and hamper athletes from
playing at their full potential.'"®

Chronic groin pain in athletes, sometimes referred to as
“athletic pubalgia,” can be a vexing clinical problem with
a particularly long clinical differential diagnosis (Table
1.3).11:1227126 Although imaging definitely does not solve all
diagnostic conundrums, MRI has been promoted as the imag-
ing modality of choice to facilitate prompt and specific diag-
nosis in many cases.'?”’

Triceps Surae Strain
Anatomy and Mechanism of Injury

Several muscles and tendons at the posterior aspect of the
knee and calf contribute to knee flexion, ankle dorsiflexion,
or both. The most common muscular strain in the calf affects
the medial head of the gastrocnemius muscle,'”® which may
be due to differential patterns of muscle activation, distinct
anatomic variations in the gastrocnemius-soleus junction, and
differential strain during contractions'? (Fig. 1.7). Substantial
injuries to other muscles in this region also may occur, includ-
ing elsewhere in the triceps surae (composed of the gastroc-
nemius and soleus), the plantaris, and the popliteus (Figs. 1.8
and 1.9).

The classic clinical history is sudden onset of sharp pain in
young and middle-aged adult athletes participating in a rac-
quet sport, skiing, or running. However, calf muscle strains
also may occur in deconditioned individuals during mundane
daily activities, such as running to catch a bus or climbing
stairs.'”® Consequently, calf injuries may be underdiagnosed
clinically.'*
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F1G. 1.6. Adductor avulsion in a 54-year-old man, 2 days after a bowling injury. Coronal T1-weighted (A) and coronal FSE IR (B) images
show abnormal increased signal intensity outlining torn adductor fibers (arrow) and site of origin on the pubis. (C) Axial FSE T2-weighted
image demonstrates subtle laxity in both the avulsed adductor brevis tendon and in the adductor longus that has torn near the musculotendi-

nous junction (MTJ) (arrow).

TaBLE 1.3. Chronic groin pain in athletes: imaging may aid in narrowing
the potentially long list of clinical differential diagnostic possibilities.

* Muscle or tendon derangements (e.g., adductors, lower abdominals)
 Osseous derangements (e.g., stress fracture of the pelvis or femoral neck;
avulsion fracture; adductor insertion avulsion syndrome (thigh splints);

infection; femoral head osteonecrosis)

e Articular derangements (e.g., osteitis pubis, femoral head osteochondral
lesion, hip arthritis, labral tear, femoroacetabular impingement)

* Bursal derangements (e.g., iliopsoas bursitis)

* Hernias (e.g., inguinal hernia, obturator hernia, femoral hernia, prehernia
complex)

* Genitourinary derangements (e.g., ureteral calculi, cystitis, epididymitis,
prostatitis, ovarian pathology, endometriosis)

 Nerve derangements (e.g., obturator nerve or ilioinguinal nerve entrapment)

e Vascular or ischemic derangements (e.g., compartment syndrome)

* Mass (e.g., cyst)

Magnetic Resonance Imaging Findings

Although the diagnosis of a strain injury may be suspected
clinically, MRI may be indicated to confirm the presumed
diagnosis (objectively documenting both the location and
extent of injury), help predict prognosis, and rule out the
many other entities in the long clinical differential diagno-
sis (Table 1.4).1*° As shown in one MRI study of 23 injuries
to the distal gastrocnemius,'*! most gastrocnemius injuries
involve the MTJ (96%) and target the medial head (86%).
Both MRI and sonography generally show that partial gas-
trocnemius tears are much more common than complete
tears, often with collection of fluid signal seen between
the medial gastrocnemius and the soleus at the mid-calf
level!28.132133 (Fig, 1.10).
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F1G. 1.7. Low-grade partial tear in the medial gastrocnemius. Coronal (A) and axial fat-suppressed FSE T2-weighted (B) images show high signal
intensity collecting near the intramuscular tendon fibers and adjacent feathery signal that reflects muscle pennation (curved arrow).

F1G. 1.8. Partial tear in the lateral gastrocnemius in an 18-year-old man,
1 week after acute-onset pain while running. Sagittal FSE T2-weighted
image shows partial disruption of the proximal gastrocnemius fibers at
the musculotendinous junction (MTJ) region (arrow).

‘In a recent series of 75 strains in the calf,'** most injuries were
acute (80%) and had a hematoma (61%), with an average muscle
injury size measured by MRI at 2.5 cm in width (range, 0.3 to 8cm)
and 5.5cm in length (range, 1.5 to 12cm). Most calf injuries (66%)
were isolated to one muscle (54% were isolated to the gastroc-
nemius (usually the MTJ of the medial head), while 41% were

FiG. 1.9. Mild strain in the soleus muscle in a 40-year-old long dis-
tance runner, 2 days after acute-onset pain while pushing off during a
9-mile run. Axial FSE T2-weighted (A) and axial FSE IR (B) images
of the calf show feathery high signal intensity in the soleus muscle
(arrow). Subsequently, he has strained the muscle twice more while
running, and chronic pain has hampered his running.
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TaBLE 1.4. Clinical differential diagnosis of calf pain may include
many different etiologies.

* Muscle or tendon derangements (e.g., strain, contusion, hernia)

* Bursal derangements (e.g., ruptured Baker’s cyst)

 Osseous derangements (e.g., stress fracture or stress reaction)

* Nerve derangements (e.g., nerve entrapment, radiculopathy, or referred pain)

e Vascular or ischemic derangements (e.g., compartment syndrome, venous
thrombosis, thrombophlebitis, cystic adventitial disease, endartery stenosis
of the popliteal artery)

* Mass (e.g., hematoma, heterotopic ossification, ganglion, nerve sheath tumor)

isolated to the soleus). The majority of patients who had strains at
more than one site had a combination of gastrocnemius and soleus
injuries. Risk factors in the form of Achilles tendinopathy or prior
calf strain (often with scar tissue seen on MRI) were found in a
substantial minority (27%) of patients.

Pectoralis Major Muscle
Anatomy and Mechanism of Injury

The pectoralis major is the largest, most superficial muscle in
the anterior chest wall and forms the anterior fold of the axilla.
This fan-shaped muscle originates primarily from the medial
half of the clavicle, the sternum, and the first six costal carti-
lages.'** The clavicular and sternal (sternocostal) heads decus-
sate laterally, forming a tendon that inserts into the lateral lip
of the humeral bicipital groove.

Pectoralis major injuries most commonly occur while the
arm is abducted, extended, and externally rotated, often in
combination with eccentric contraction, maximal contraction
(e.g., a fall or high-demand athletic endeavor), or a direct blow
(e.g., a motor vehicle accident). Although these injuries may
occur in women'*¢13 and the elderly,'® a typical patient is a
muscular male between the ages of 20 and 40 years who is
injured while weight lifting (e.g., particularly bench press-
ing)."*® Anabolic steroid use is associated with tendon rup-
tures, likely because (1) steroids result in stiffer tendons that
absorb less energy, and (2) the tendon is susceptible to injury
owing to disproportionate hypertrophy of muscle tissue.

Magnetic Resonance Imaging Findings

Magnetic resonance imaging is highly valuable in helping
to stratify patients into nonoperative versus operative treat-
ment groups'®® (Figs. 1.11 and 1.12). (Although there is
some debate,'* nonsurgical management is recommended
generally for proximal tears and elderly, sedentary patients,
while surgery is favored for active patients with a high-grade
or complete tear located distally, particularly at or near the
enthesis.'*') For most patients in whom the maximal area of
interest is lateral to the nipple, a dedicated surface coil with
a unilateral field of view (e.g., 18 to 22cm) and 3- to 4-mm
sections®’ are recommended.

Normally, the pectoralis major tendon should be identified
inserting into the proximal humeral shaft within 1 to 1.5cm infe-
rior to the quadrilateral space.'*> Axial images are not expected
to display the separate layers of the pectoralis major tendon,'+
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FiG. 1.10. Partial tear of the medial gastrocnemius in a 35-year-old man,
1 week after he recalls a sudden painful “snap” during push off. (A)
Axial T1-weighted image shows a collection of increased signal intensity
(arrow), consistent with hematoma, at the site of the tear. (B) Axial FSE
IR image demonstrates the partial tear in the deep fibers of the medial
gastrocnemius, near the junction with the soleus aponeurosis (arrows).
(C) In a different patient, axial T1-weighted image shows findings of an
old strain injury, with low signal intensity thickening of the aponeurosis
owing to fibrosis (arrowhead) and high signal intensity adjacent to the
aponeurosis owing to fat deposition (arrows).
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F1G. 1.11. Pectoralis major strain in a 19-year-old man, 1 week after an injury while bench pressing. (A) Axial FSE T2-weighted image dem-
onstrates a low-grade partial tear near the musculotendinous junction (MTJ) (immediately adjacent to the skin marker) (arrow). Axial
FSE IR (B) and coronal FSE T2-weighted (C) images show diffuse edema signal in the pectoralis major muscle (arrowheads).

F1G. 1.12. Pectoralis major tendon tear in a 43-year-old man, 1 week after an injury while bench pressing. Axial FSE T2-weighted (A), axial
FSE IR (B), and coronal FSE T2-weighted (C) images demonstrate a complete tear in the distal tendon. The torn tendon fibers (straight arrow)
are retracted, lax, and surrounded by high signal intensity. Subtle ill-definition at the anterior humeral cortex (curved arrow) is secondary to
periosteal stripping.
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but thin oblique-coronal images prescribed parallel to the long
axis of the tendon may be particularly helpful in grading of par-
tial tears.”” Low-grade partial tears most commonly are observed
within the muscle belly or at the MTJ, in contradistinction to
avulsions and complete tears. The sternal head (inferior and
deep fibers) are torn most commonly.**!*!43 Tmages should
be inspected for a hyperintense T2 signal located immediately
superficial to the humeral cortex; this finding is characteristically
caused by periosteal stripping that occurs during tendon avulsion
from its insertion site."’

The amount of retraction of torn fibers may vary substantially
(e.g., 0 to 13cm®). Retraction of torn fibers may be minimal
in some cases because remnants of the clavicular head remain
intact'* or because fascia investing the muscle may remain con-
tinuous with the fascia of the brachium and the medial ante-
brachial septum.'#! Of note, MRI also can successfully diagnose
recurrent pectoralis major tears after surgical repair.'**

Accuracy of Clinical Evaluation vs. Magnetic
Resonance Imaging Evaluation

How Accurate is Clinical Evaluation?

Although clinical evaluation is invaluable, clinical diagnoses of
muscle strains are not entirely consistent or specific. Particularly
when an athlete’s clinical presentation is atypical or vague, accu-
rate diagnosis can be very challenging, even for the most astute
clinician. For example, in a study of professional athletes evalu-
ated by highly experienced sports medicine physicians, MRI
helped confirm the presence of hamstring strain in 9% of patients
with an atypical history or clinical examination.”**

Conversely, young athletes with posterior thigh pain who are
diagnosed clinically with a hamstring strain may have etiologies
other than simply a hamstring strain in 15% of cases,* and there-
fore a clinical differential diagnosis may be warranted.®** For
example, a partial list of clinical differential diagnostic consid-
erations for posterior thigh pain®® may include various muscu-
lotendinous derangements (e.g., hamstring strain, spasm/cramp,
contusion, myositis ossificans, hernia, tendinopathy, enthesopa-
thy); nerve entrapment (e.g., referred pain from the lumbosacral
spine or sciatic nerve entrapment due to hematoma, anatomic
muscle variation, piriformis conditions); vascular derangements
(e.g., compartment syndrome, vascular claudication); osseous
derangements (e.g., stress fracture of femur or pelvis, ischial
tuberosity avulsion, thigh splints); neoplasms (e.g., bone tumor,
soft tissue tumor such as a nerve sheath tumor); articular derange-
ments (e.g., sacroiliitis); ligament injury (e.g., sacrospinous or
sacrotuberous sprain); bursal derangements (e.g., ischiogluteal or
semimembranosus bursitis); and infection.

How Accurate is Magnetic Resonance Imaging
Evaluation?

There is no gold standard (e.g., surgical or pathologic eval-
uation) to verify the clinical or imaging diagnosis of strain
injury in the vast majority of cases. However, there is empiri-
cal evidence that MRI is highly accurate in diagnosing clinically
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significant injuries—and not diagnosing injuries that are
not clinically significant. Indeed, sudden onset of thigh pain
is highly associated with a positive MRI exam (97%),* but
insidious pain or stiffness does not correlate with positive
MRI results in a substantial minority of athletes (e.g., 19%,
31%,” and 45%° in recent studies).

Negative MRI exam results may be either true-negative or
false-negative results. If the MRI is truly negative in a patient with
pain, the patient may have had an injury other than a strain (e.g.,
a muscle cramp) in the exam field of view, or may have referred
symptoms from a pain generator outside the field of view. Lum-
bosacral nerve root entrapment, for example, is a well-known
cause of referred pain to the thigh. (Interestingly, such entrap-
ment may actually predispose athletes to strain injuries.’#%)

Magnetic resonance imaging may be falsely negative in an
athlete with a strain injury because the exam has insufficient spa-
tial or contrast resolution (and therefore does not detect small,
slight, or nonacute injuries). In the athletes with thigh pain and
a negative MRI exam, there is a substantial correlation with a
history of back injury,” a hamstring injury in previous seasons
(observed in 50% of athletes with negative MRI exams in one
study™), and a prompt return to their sport.” In contrast, those
athletes with thigh pain and a positive MRI have approximately
a twofold™ to threefold™ increase in the number of days required
for successful rehabilitation, and a substantially increased risk of
reinjury to their hamstrings.> For example, in athletes studied with
posterior thigh pain and suspected grade 1 hamstring strains,”
the rehabilitation interval was significantly shorter for those with
negative MRI exams than for those with muscles strains diag-
nosed by MRI (e.g., average of <7 days versus >20 days), and
no MRI-negative athletes had recurrent injuries. Recent research
indicates that MRI is a particularly useful predictor of the reha-
bilitation duration in cases of moderate or severe hamstring inju-
ries (particularly those with an injured area measuring >6cm in
longitudinal length or >10% in cross section).”

Acute Strain and Predicting Prognosis
Clinical Prediction of Prognosis

The grade of the injury as assessed during clinical testing is gen-
erally a significant predictor of recovery time (p = .001) and one
report indicates it is better than MRI for minor strains.”” However,
convalescence periods for strain injuries do vary considerably,
reportedly from less than 1 week to more than 1 year.** For
example, in a study of 68 hamstring strains in professional soc-
cer players, the recovery period averaged 14 days, but the recov-
ery period ranged from 1 day to 3 months.!*® Even for a strictly
defined population of football players with only grade 1 ham-
string strain injuries diagnosed clinically, the mean rehabilitation
interval varied from less than 1 week to 3 weeks, depending on
the presence and extent of hyperintense T2 signal in muscle.> In
another study of clinical grading and prognosis,” the duration of
recovery for hamstring strains was reported as follows:

e Grade 1: Predicted range, 0 to 21 days (mean, 7); actual range,
5 to 35 days (mean, 9)
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 Grade 2: Predicted range, 14 to 35 days (mean, 24); actual
range, 4 to 56 days (mean, 27)
e Grade 3: Surgery

Magnetic Resonance Imaging Prediction of Prognosis

A growing body of data that indicates clinical assessment
may be supplemented by MRI evaluation and that MRI
findings correlate significantly with a player’s recovery
time.!055667277 For example, in a 2-year study of 180 soc-
cer players using MRI diagnostic criteria, the mean recovery
time for acute hamstring strains was reportedly 9 days for a
grade 1 injury, 18 days for a grade 2 injury, and 28 days for
a grade 3 injury.'*” In this group, the longitudinal extent of
the hyperintense short-tau inversion recovery (STIR) signal
also was used to predict the recovery time (in days) with an
accuracy of approximately 80%.

With MRI of acute strain injuries, rehabilitation time also
may be predicted with three quantitative ways of measuring
hyperintense signal on fat-suppressed, fluid-sensitive images:
(1) the longitudinal length,'®>7277 (2) the cross-sectional
area,'®>>7%72 and (3) the volume” of muscle involvement. Mea-
surement of the longitudinal length of muscle involvement is
the simplest parameter to obtain, and may be the best practical
predictor of rehabilitation time.*

Cross-sectional area can be measured by selecting the
transaxial fat-suppressed T2—weighted image with the great-
est percentage of cross-sectional involvement.'? In a study
of quadriceps strains,!® cross-sectional involvement of 1%
to 14% correlated with a mean rehabilitation interval of less
than 9 days, while 15% involvement generally predicted a
mean rehabilitation interval of approximately 15 days (this
increased to at least 30 days when the central tendon of the
rectus femoris also was involved by MRI). (With respect to
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longitudinal involvement of the muscle, hyperintense signal
measuring < 13cm had a mean overall rehabilitation interval
of <10 days, versus injuries spanning > 13 cm that had a reha-
bilitation interval of approximately 21 days [33 days when
affecting the central tendon]).

The extent of injury displayed by MRI also helps pre-
dict which athletes are at increased risk of recurrent tear.”
For example, hamstring muscle strains exceeding 50% to
55% of the cross-sectional area have an extremely high rate
of recurrent tears within 2 years, as well as a significantly
longer rehabilitation time.”>!'*® When a recurrent injury
occurs, rehabilitation time is significantly increased when
compared to that for new injuries. For example, in a recent
study on hamstring strains, the number of lost days for new
injuries averaged 14 days, versus 25 days lost for recurrent
injuries.”’

Muscle Contusion

The mechanism of injury of muscle contusions is direct, blunt
trauma. The consequent hemorrhage and edema commonly
result in varying degrees of pain, swelling, limited range of
motion, ecchymosis, and hematoma formation.*® Heterotopic
ossification occurs in approximately 9% of cases, and is asso-
ciated with the initial injury grade.!** Pseudolipomas also have
been reported in soft tissue after contusion.'*

Magnetic Resonance Imaging Findings

The most common area for athletic contusions is the
quadriceps, and the vastus intermedius is the most charac-
teristic muscle injured (Fig. 1.13). Fluid-sensitive images
demonstrate hyperintense signal that may have a diffuse
or geographic appearance, often with feathery margins

A

B

F1G. 1.13. Vastus intermedius muscle contusion in a 21-year-old man, 4 weeks after striking a tree with his thigh while snowboarding.
(A) Axial T1-weighted image shows only minimal signal alteration (straight arrow) in the vastus intermedius muscle. (B) Axial FSE
T2-weighted image demonstrates fluid signal collecting at the site of partial fiber disruption (straight arrow), with adjacent edema signal. T2*
gradient echo imaging (not shown) did not show susceptibility artifact or otherwise contribute to the diagnosis in this case.
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(due to capillary rupture and infiltrative bleeding). Unlike
a muscle strain, the abnormal signal is usually not local-
ized to the MTJ of muscles crossing two joints and the
muscle volume may be more prominently increased from
hemorrhage.

Given that contusions may have imaging features in
common with strain (noncontact) injuries, the radiologist
should make an effort to learn the mechanism of injury
when interpreting images (e.g., with a patient interview or
questionnaire, if the referring physician does not provide
this information). The recovery time for lower extremity
contusions reportedly tends to be significantly shorter than
for strain injuries (mean time: 19 = 9 days versus 26 + 22
days).!>! The resolution of MRI findings tends to lag far
behind functional recovery.!>?

Hemorrhage and Hematoma

Hemorrhage may occur interstitially in a nonfocal fashion
within the substance of muscle (yielding edema-like signal
in the acute setting) or may accumulate focally in the form
of a hematoma. Bleeding into muscle occurs in association
with a wide variety of disorders, including trauma, anticoagu-
lation (e.g., heparin), bleeding diathesis (e.g., hemophilia),
and focal vascular disorders (e.g., vascular malformation).
Hemorrhage into muscle may result in pain, limited motion,
anemia, a soft tissue mass, a compressive neuropathy, or
compartment syndrome.

Magnetic Resonance Imaging Findings

The MRI appearance of blood is influenced by several vari-
ables, including the state of the hematoma itself (e.g., clot
retraction, location, and size of the hematoma), the MRI
technique (e.g., field strength, echo time, gradient echo tech-
nique), and the state of hemoglobin breakdown products. As
hemoglobin breaks down, it sequentially forms specific iron
compounds that influence the MRI appearance over time: oxy-
hemoglobin, deoxyhemoglobin, intracellular methemoglobin,
extracellular methemoglobin, and hemosiderin.!33!15

In general, hematomas have been reported as being acute
(less than a week old, with intermediate T1 and decreased
T2 signal intensity); subacute (1 week to 3 months old, with
variable increased T1 and T2 signal intensity); and chronic
(more than 3 months old, with variably increased signal that
progressively becomes more hypointense from the periphery
on all pulse sequences).' Most of the intramuscular hema-
tomas that have been evaluated with MRI between 2 days'>
and 5 months®” after injury display characteristics of met-
hemoglobin, with increased signal intensity on both T1- and
T2-weighted images.'>® Hemosiderin, the final iron-containing
product of hemoglobin degradation, contributes to the progressive
low signal intensity that is commonly most conspicuous at the
periphery of chronic hematomas on all pulse sequences, with
characteristic susceptibility (“blooming”) artifact on gradient-
echo images.
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Intramuscular hematomas often resorb substantially over a
period of 6 to 8 weeks, > but they may linger for many months.'%
Serous-appearing fluid from a hematoma occasionally may per-
sist to form a pseudocyst (pseudotumor), characteristically at
the MTJ.!¢! These lesions are reported most commonly in the
rectus femoris, but may be observed at other sites, including the
hamstrings and triceps surae.

The clinical and imaging differential diagnosis of a benign
hematoma sometimes includes a hemorrhagic neoplasm. When
the lesion in question shows no contrast enhancement, this gen-
erally aids in excluding a neoplasm. Like neoplasms, however,
posttraumatic hematomas may show variable contrast enhance-
ment. Therefore, follow-up clinical and MRI evaluation may be
indicated when the diagnosis of a probably benign hematoma
is in doubt.

Heterotopic Ossification

Heterotopic ossification may be defined as the formation of
nonneoplastic bone-like tissue in the soft tissues. A common
location for heterotopic ossification is in muscle, where it is
commonly referred to as myositis ossificans. The most com-
mon complaints involve pain, tenderness, swelling, a palpable
mass, and nerve impingement.’*'>'6> Common predisposing
factors for heterotopic ossification (found in 37% to 75% of
patients) include trauma (e.g., contusion, surgery, burns); neu-
rologic insults (e.g., spinal cord injury, traumatic brain injury,
stroke); and conditions associated with a propensity for bone
formation (e.g., diffuse idiopathic skeletal hyperostosis, anky-
losing spondylitis).

Heterotopic ossification classically may evolve through
three histologic, clinical, and radiologic phases: (1) an acute
or pseudo-inflammatory phase; (2) a subacute or pseudo-
tumoral phase; and (3) a mature, self-limited phase.'® It is
hypothesized that certain insults to soft tissue may trigger an
early inflammatory cell reaction, as well as mesenchymal cell
metaplasia that results in highly cellular areas of pleomorphic
fibroblasts and osteoblasts. Osteoblasts then deposit osteoid
in a centripetal fashion. This eventually gives rise to the rec-
ognizable zonal architecture that approximates native bone: a
mature shell of compact bone surrounded peripherally cancel-
lous bone centrally.

Magnetic Resonance Imaging Findings

Heterotopic ossification typically targets the large muscles in
the hip, thigh, upper arm, and elbow regions. In the acute and
subacute stages of heterotopic ossification, imaging exami-
nations have a notoriously nonspecific appearance. During
the first week, imaging exams commonly show only vague
swelling. Within approximately 2 to 6 weeks after the onset of
symptoms, radiography and CT demonstrate foci of nonspe-
cific mineralization.!*¢!¢” Both CT and MRI typically show an
ill-defined mass that may be confused with a soft tissue sar-
coma or infection. Periostitis may be present, although adja-
cent osseous destruction is absent.
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Given that this early, immature mineralization is not diag-
nostic, short-term follow-up radiography or CT (repeated at
an interval of approximately 4 weeks) is commonly used to
confirm suspected heterotopic ossification. Although MRI is
reportedly the most sensitive technique for identifying small,
early lesions,'s® the diagnostic specificity of CT is far higher
than that of MRI (because mineralization is not demonstrated
as reliably by MRI). By 1 to 2 months after the onset of symp-
toms, CT typically shows a peripheral rind of mineralization.

With MRI, prior to lesion maturity, most heterotopic ossi-
fication is displayed as areas of nonspecific intermediate T1
signal intensity and hyperintense T2 signal intensity,'¢>1% with
ill-defined edema-like signal intensity and contrast enhance-
ment commonly observed in the adjacent muscle and some-
times in the adjacent bone marrow.!** (Prominent perilesional
edema is not typical for soft tissue sarcomas, but is character-
istic of traumatic and inflammatory processes.) Heterotopic
ossification may show enhancement centrally or peripher-
ally.!'® (Rim enhancement is not commonly seen with soft
tissue neoplasms.'™) Gradient-echo pulse sequences may be
helpful in some cases for detecting areas of soft tissue miner-
alization, since they are more sensitive than spin-echo pulse
sequences for this purpose.

In the mature form, the imaging findings that allow confi-
dent differentiation of heterotopic ossification from neoplasm
include that the well-defined ossific mass is more mature
peripherally than centrally, is not associated with underly-
ing bone destruction, does not grow over time, and is associ-
ated with decreasing contrast enhancement over time. With
maturity, heterotopic ossification on MRI generally appears
well defined and inhomogeneous, with signal intensity that is
isointense or hypointense to fat on all pulse sequences. In par-
ticular, T2 hyperintensity is uncommon, and approximately
85% of lesions have signal intensity that is equivalent to fat
and cortical bone.'® Heterotopic ossification matures over a
period that is usually reported as 6 months to 1.5 years,!”1-174
but ranging widely from 3.5 months to more than 5 years.'®
Resorption of the osseous mass may occur in some patients
over a period of 1 year to more than 5 years.!¢1%17> Although
bone scintigraphy was once the favored advanced imaging test
to determine lesion maturity, CT and MRI are increasingly
used to evaluate both lesion maturity and anatomic compli-
cations that may influence operative treatment (e.g., nerve
impingement).'¢*

Delayed-Onset Muscle Soreness

Delayed-onset muscle soreness (DOMS) refers to the pain
and soreness in muscles that follows unaccustomed exer-
tion.'” Unlike strain injuries, patients with DOMS do not
recall any one particular moment of trauma or experience
an acute onset of pain. Rather, soreness typically begins the
day after exertion and then subsides within 1 week. Activi-
ties requiring eccentric muscle contractions are common cul-
prits (e.g., downhill hiking, certain types of manual labor).
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Eccentric muscle contractions, in which the muscle lengthens
as it exerts force, generate greater tension per cross-sectional
area of active muscle than concentric contractions, which may
result in injury to muscle tissue.'”’

Magnetic Resonance Imaging Findings

Magnetic resonance imaging displays hyperintense T2 signal
indicative of interstitial edema. Muscle affected by DOMS
shows good correlation between the signal intensity increases
seen on fluid-sensitive MR images and the ultrastructural
remodeling seen by electron microscopy'” (e.g., loss of regu-
lar orientation of the Z bands in muscle).'” This edema-like
signal reportedly has a similar appearance to a mild strain,
but may be more diffusely distributed in the muscle (i.e., less
prone to target to the MTJ in a localized fashion). Although
clinical history can allow for easy differentiation between
these two entities in most instances, the abnormal signal inten-
sity caused by DOMS may remain for up to 80 days,'® and
therefore the history of a provocative event may not be forth-
coming.

Muscle Laceration

Lacerations are produced by a penetrating injury (e.g., a
skate blade). Magnetic resonance imaging may prove useful
in planning treatment with complex suture repair,'' but also
potentially for guiding the future application of treatments
for enhancing muscle recovery (e.g., the antifibrosis agent
relaxin'®? and stem cells!$3184),

Magnetic Resonance Imaging Findings

Magnetic resonance imaging demonstrates the acute lacera-
tion as a sharply marginated zone of fiber discontinuity with
associated T2 hyperintensity caused by hemorrhage and
edema. In the chronic setting, volume loss in the muscle may
be seen, sometimes with fibrotic tissue (displayed as low T2
signal intensity) and deposition of fat associated with atrophy
(manifested as high T1 signal intensity).

Muscle Herniation

Muscle herniation refers to protrusion of muscle tissue
through a focal fascial defect.!8-1% In athletes, these fascial
defects may occur due to muscle hypertrophy (with or with-
out chronic exertional compartment syndrome) or due to trau-
matic disruption of the fascial sheath. Herniations of muscle
are seen typically as a small, superficial, soft tissue bulge that
becomes more prominent and firm with muscle contraction.
Most muscle herniations are asymptomatic, but they can cause
substantial pain, cramping, and tenderness.'®!¥” Although
conservative management is usually adequate, imaging may
be appropriate when the reported options for therapeutic inter-
ventions are under consideration (e.g., local injection of botu-
linum toxin, fasciotomy, fascial repair).
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Magnetic Resonance Imaging Findings

Magnetic resonance imaging can display herniation of muscle
(that typically appears normal in signal intensity) through
discontinuous overlying fascia, thus allowing differentiation
from a soft tissue neoplasm.'®'® The outward bulging of
muscle is often subtle, and may be elicited dynamically with
muscle contraction during MRI or sonography.'®!3618% Muscle
herniations rarely may impinge upon an adjacent nerve or may
become incarcerated. Although virtually any muscle can be
affected, muscle hernias most commonly occur in the middle
to lower portions of the leg, particularly involving the anterior
and lateral compartment muscles.

Muscle Ischemia and Necrosis
Compartment Syndrome

Compartment syndrome is defined as elevated pressure in a
relatively noncompliant anatomic space that can cause isch-
emia, pain, and potentially neuromuscular injury, including
myonecrosis and rhabdomyolysis.'”*'** Muscle ischemia can
result when elevated intracompartmental pressure exceeds the
intravascular pressure of thin-walled small vessels and these
vessels collapse, thereby decreasing the arteriovenous pres-
sure gradient and impeding blood flow.

Compartment syndrome is classified generally as acute or
chronic. Acute compartment syndrome occurs most commonly
in association with fractures (particularly of the tibia) and soft
tissue trauma (e.g., hemorrhage, severe contusion, iatrogenic
insults, muscle rupture), and typically should be evaluated by
direct percutaneous pressure measurement. For chronic com-
partment syndrome, direct pressure measurements and near-
infrared spectroscopy measurements of oxygen saturation yield
comparable results (sensitivities of 77% vs. 85%, respectively,
and specificities of 83% vs. 67%, respectively).'™*

Chronic compartment syndrome results most commonly
from exertional causes (e.g., exercise, occupational overuse);
nonexertional causes (e.g., mass lesion, anomalous muscle,
infection) are uncommon in athletes. Chronic exertional com-
partment syndrome (CECS) can occur secondary to exertion
because chronic muscle activity causes muscle hypertrophy and
transiently can swell muscle fibers up to 20 times their resting
size, thus causing increased pressure in noncompliant compart-
ments. Chronic exertional compartment syndrome in athletes
most commonly occurs in the leg, thigh, and forearm, with
characteristic locations that vary with the type of activity:

* Runners: anterior and deep posterior compartment of the
leg; posterior compartment of the thigh

* Soccer players: deep posterior compartment of the leg

* Cyclists: deep posterior compartment of the leg; anterior com-
partment of the thigh

* Tennis players: flexor-pronator compartment of the forearm

* Motorcycle racers: flexor-pronator compartment of the
forearm
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Magnetic Resonance Imaging Findings

Magnetic resonance imaging can be used to study the loca-
tion and extent of ischemic damage to muscle, with variable
results.!*2% Potential MRI indications that have been proposed
include the diagnostic assessment of atypical cases (e.g., uncom-
mon location or cause for compartment syndrome, borderline
pressure measurements) and evaluation for an underlying lesion
(e.g., hematoma, neoplasm) that may contribute to compartment
hypertension and need to be addressed at surgery.

With acute compartment syndrome, diffuse edema-like sig-
nal and mildly increased muscle girth are common, occasion-
ally with foci of hemorrhage. With impending compartment
syndrome, gadolinium-enhanced T1-weighted images typically
show avid contrast enhancement in the affected muscles.'”’

With CECS, diffuse edema-like signal and mildly increased
muscle girth are common after exercise. The change in T2 sig-
nal intensity between pre-exercise and post-exercise images
is significantly greater in compartments with post-exercise
hypertension.!*>" For example, in a study of 41 anterior
compartments with CECS, T2 signal intensity increased by
28% (range 14-39%) following exercise, compared to an
increase of 8% (range 0-9%) in the anterior compartments
of controls and 4% (range 0-10%) in uninvolved superficial
posterior compartments.'*®

The clinical differential diagnosis of stress-related anterior
lower leg pain commonly includes CECS, bone stress injury,
and traction periostitis. Interestingly, these three entities may
occur separately or together. For example, in a recent study of
44 cases, there was no significant difference in bone findings
between patients with and without CECS.?®

Rhabdomyolysis

Rhabdomyolysis refers to acute muscle necrosis and leakage
of muscle contents into the circulation.?’'* The diagnosis of
rhabdomyolysis can be defined clinically as muscle pain or
weakness that is associated with myoglobinuria (classically
with dark brown urine) and markedly elevated creatine kinase
levels (e.g., higher than 10 times the upper limit of normal).
Release of myoglobin and other metabolites from damaged
muscle that potentially can result in acute renal failure (in 15—
30% of all cases), electrolyte imbalance with cardiac arrest,
and even death (3%).2"!

Multiple causative factors are present in 60% of all cases.?!
The most common insults causing rhabdomyolysis are exces-
sive muscle activity, toxins (e.g., alcohol, illicit drugs, pre-
scription medications such as statins), trauma (e.g., crush
injury, bull riding, electrical injury), and muscle ischemia
(e.g., compartment syndrome). Less commonly, an underlying
myopathy or genetic metabolic derangement may be present
(10% of all cases),” including occasionally in high-level ath-
letes.?? Exertional rthabdomyolysis may occur in individuals
following strenuous activities (e.g., marathon running, weight
lifting, military basic training, and even when excessive exer-
cise is given as punishment for a child talking in class!).20+-206
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Magnetic Resonance Imaging Findings

Magnetic resonance imaging is the most sensitive imaging test
to document the location and extent of muscle involvement in
patients with rhabdomyolysis.?® In one prospective study of
patients with rhabdomyolysis,?”” abnormal muscles were dem-
onstrated by sonography in 42% of patients, by CT in 62% of
patients, and by MRI in 100% of patients. The principal MRI
finding of rhabdomyolysis is diffuse edema-like signal in the
involved muscle. The severity of the signal alterations corre-
lates with the severity of the injury. Repeat MRI examinations
show that the edema-like signal in mild cases resolves in par-
allel with the clinical course, likely representing the presence
transient edema.’®

Muscle Denervation

Muscle denervation can result in substantial pain, weakness,
and disability. Denervation is caused most commonly by nerve
fiber entrapment (e.g., by a disk herniation, mass, anomalous
muscle, fibrous tissue) or trauma (e.g., mechanical stretch);
other potential causes include inflammation (e.g., autoim-
mune), ischemia, nerve sheath tumor, systemic neuropathy,
iatrogenic insults, and idiopathic causes.?*-213

Magnetic Resonance Imaging Findings

Magnetic resonance imaging is used increasingly as an adjunct
to clinical and EMG diagnosis of muscle denervation, as well
as to determine its cause and distribution in many cases.?*-!8
For example, MRI is useful in helping to diagnose denerva-
tion syndromes involving the brachial plexus?'’ and the shoul-
der girdle,?” including suprascapular neuropathy (e.g., due to
a paralabral cyst), quadrilateral space syndrome, and Parsonage-
Turner syndrome.

In the pelvis and lower extremity, MR neurography (utilizing
high-resolution T1 and fat-suppressed fluid-sensitive images)
has been used to study extraspinal neuropathic pain problems,
including sciatica of non-disk origin®® and foot drop.?!! For
example, in a recent study of 239 consecutive patients with
sciatica in whom standard diagnosis and treatment failed to
effect improvement,?? piriformis muscle asymmetry and sci-
atic nerve hyperintensity at the sciatic notch exhibited a 93%
specificity and 64% sensitivity in distinguishing patients with
piriformis syndrome from those without it who had similar
symptoms (p <.01). With neurogenic foot drop, MRI of the
leg can show distinct patterns of hyperintense signal in muscle
that indicates whether denervation is caused by a derangement
involving the peroneal nerve, L5 radiculopathy, or another
lesion (e.g., a partial sciatic nerve lesion, or lesions involv-
ing the lumbosacral plexus or cauda equina).?!! In a prospec-
tive study of 40 consecutive patients with foot drop,?'! MRI
and EMG were in agreement in 37 (93%) patients. (In three
patients, MRI demonstrated more widespread involvement
than did EMG, and there were no false-negative MRI results.)
Other investigators®'® have shown that MRI has the potential

19

to distinguish traumatic peripheral nerve injuries that recover
through axonal regeneration versus those that do not (and
therefore require surgical repair).

The signal intensity and morphology of muscle undergo
well-described changes with subacute and chronic denerva-
tion.20214-216218 After a nerve insult, changes generally are seen
in muscle using MRI after approximately 2 weeks (although
changes have been reported as early as 1 day in animals). In
particular, these subacute changes in muscle are displayed as
high signal intensity on fluid-sensitive images and normal
signal intensity on T1-weighted images. T2 hyperintensity in
muscle reportedly occurs because of an increase in the extra-
cellular fluid volume or capillary enlargement.?!526

Although hyperintense T2 signal in muscle is not a spe-
cific finding by itself, a specific diagnosis is suggested in the
appropriate clinical setting by involvement of a specific nerve
territory and, classically, hyperintense T2 signal involving a
peripheral nerve 210212214219 (Unlike a muscle strain injury, the
hyperintense T2 signal in denervated muscles is not associated
with perifascial edema.) The signal intensity changes of sub-
acute muscle denervation can increase until at least 2 months
(in an animal model) and are reversible. After reinnervation
occurs, T2 hyperintensity peaks approximately 2 to 3 weeks
later and normalizes by 6 to 10 weeks.

With chronic denervation, diminished bulk and fatty infil-
tration commonly occur in muscle. These atrophic changes are
best displayed on T1-weighted MR images. Profound atrophic
changes seen after chronic denervation may be irreversible.

Chronic denervation results most commonly in muscle vol-
ume loss, but pseudohypertrophy and true hypertrophy may
occur in the affected extremity.???2* Both pseudohypertrophy
and true hypertrophy may result in a palpable soft tissue mass
that serves as an indication for MRI. Pseudohypertrophy may
occur in denervated muscle when accumulation of fat and
connective tissue causes paradoxical muscle enlargement and
hyperintense T1 signal intensity due to adipose tissue. True
hypertrophy may occur in synergistic muscles adjacent to the
area of denervation; hypertrophied muscle is isointense with
normal muscle.

Magnetic Resonance Imaging Differential
Diagnosis

Skeletal muscle may be afflicted by a spectacular array of
primary and systemic disorders. Magnetic resonance imaging
helps establish a diagnosis or limited differential diagnosis by
displaying abnormalities in muscle morphology and signal
intensity that often target characteristic locations. Although
these MRI abnormalities may be diagnostic in certain clini-
cal settings, the human body responds to an infinite variety of
insults to muscle with only a limited number of nonspecific
biologic responses (e.g., edema, atrophy, fibrosis). In other
words, since similar gross pathologic features may be caused
by many different disorders (and MRI reflects these nonspecific
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gross pathologic changes), differential diagnosis may be nec-
essary in some cases. As a first approximation, the physician
may simplify the MRI differential diagnosis into three broad
categories based on the presence of edema, fatty infiltration,
or a mass.””

Muscle Edema Pattern

The muscle edema pattern refers to the presence of high T2 sig-
nal intensity in muscle. This pattern is most commonly due to a
recent insult or a biologically active process. In athletes, edema-
like signal is typically due to acute or subacute trauma (e.g., strain,
contusion). Other, less common causes include muscular exer-
tion (e.g., DOMS); various vascular insults (e.g., compartment
syndrome, deep venous thrombosis, diabetic muscle infarction);
rhabdomyolysis; subacute denervation; myositis (e.g., infectious,
autoimmune); or recent iatrogenic insults (e.g., percutaneous
injection of medication, surgery, radiation therapy).

In contradistinction to the “edema’ pattern, the differential diag-
nosis for low T2 signal intensity in muscle commonly includes
fibrosis, calcification, hemosiderin, gas, and foreign bodies.

Fatty Infiltration Pattern

The fatty infiltration pattern refers to the presence of fatty sig-
nal intensity (on all pulse sequences) in muscle, and is most
commonly due to a nonacute muscle insult. In athletes, this
pattern may be observed after a chronic high-grade muscu-
lotendinous injury (e.g., tendon tear), as well as with other
insults causing chronic muscle disuse*® or chronic dener-
vation. For example, after a full-thickness rotator cuff tear,
supraspinatus fatty infiltration and muscle atrophy are asso-
ciated with chronicity and are proportional to the amount of
musculotendinous retraction.?”” These supraspinatus muscle
changes may be highly asymmetric, with the deep (scapular)
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fibers tending to undergo fatty infiltration, while the superfi-
cial (fascial) fibers primarily undergoing atrophy.??® (Atrophy
and fibrofatty infiltration result in a smaller, stiffer musculo-
tendinous structure that alters its biomechanics and makes it
prone to recurrent tear after repair.’?) Fat also may be con-
tained in other processes, such as mature heterotopic ossifica-
tion and lipomatous lesions.

In addition to fatty tissue, hyperintense T1 signal in muscle
may be caused by derangements containing methemoglobin
(e.g., hematoma, hemorrhagic neoplasm), proteinaceous mate-
rial (e.g., proteinaceous debris in a necrotic neoplasm), or certain
paramagnetic materials (e.g., melanin in a metastatic melanoma,
enhancement with gadolinium-based contrast material).

Mass Lesion Pattern

The MRI differential diagnostic category of the mass lesion
pattern is considered when there is a space-occupying lesion.
In athletes, this is most commonly due to trauma (e.g., hema-
toma, myositis ossificans). Although less common, other
causes of masses may affect athletes, including neoplasms,
infections (e.g., pyomyositis, parasitic infection), and muscular
sarcoidosis.

Conclusion

Muscle disorders have a wide variety of causes, treatments,
and prognoses. Given that clinical assessment may be difficult
in some cases, MRI commonly aids in identifying the loca-
tion, severity, and extent of pain generators in muscle. In so
doing, MRI is increasingly playing a key role in helping limit
the differential diagnosis, influencing the treatment, and pre-
dicting the prognosis for muscle disorders in athletes.
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Skeletal muscle pathology encountered in orthopedic and
sports medicine may be acute, subacute/chronic, or a late
complication as a result of previous injury. This section dis-
cusses common pathologic conditions of skeletal muscle with
attention to pathophysiology, clinical features, evaluation, and
management. Special attention is given to the use of MRI in
the evaluation of these conditions.

Acute muscle pathology in orthopedic sports medicine can
be a result of direct force to muscle tissue from an extrin-
sic source (contusion, laceration) or by indirect force due to
excessive stretch (acute muscle strain). Further, it can be a
result of damage to the muscle cells as a result of excessive
exercise (exertional rhabdomyolysis) or ischemia (acute com-
partment syndrome) (Table 1.5).

Acute Muscle Strain

Definition and Pathophysiology

Acute muscle strains are the most common injuries to skeletal
muscle encountered in sports medicine (Table 1.6).2%23! An
acute muscle strain is defined as a tear of muscle fibers at the
MTIJ caused by excessive stretch.?>?3 There is a continuum
of severity of muscle strain injury ranging from disruption of
few muscle fibers to complete tears of the MTJ with retrac-
tion of the resulting muscle segments. Grade I, mild strain, is
characterized by disruption of fewer than 5% of the muscle
fibers at the MTJ. Grade II, moderate strain, is characterized
by rupture of greater than 5% but fewer than 100% of the

TaBLE 1.5. Acute muscle pathology in orthopedic sports medicine.

Acute conditions Local sequelae Systemic sequelae

Acute muscle strain Hematoma None
Fibrosis
Muscle contusion Hematoma None
Myositis ossificans
Muscle laceration Fibrosis None
Exertional Acute compartment Renal failure
rhabdomyolysis syndrome Disseminated
intravascular
coagulation (DIC)
Electrolyte imbalance
Hepatic failure
Acute compartment Contracture Rhabdomyolysis
syndrome Denervation Renal failure

TABLE 1.6. Strain and contusion injuries in sports.

Injury type
DOMS Partial strain  Complete strain ~ Contusion
Mechanism Repetitive  Single stretch Single stretch Blunt trauma
stretch
Pain After Immediate Immediate Immediate
24-72
hours
Site Muscle MTJ MT]J or muscle ~ Muscle belly
belly belly
Bleeding None May escape  May escape Confined to
injury site
Surgery No No Possible Possible

DOMS, delayed-onset muscle soreness; MTJ, musculotendinous junction.
Source: Adapted from Best,?* with permission of Cambridge University Press.

muscle fibers. Grade III, severe strain, is characterized by
a complete rupture of the MTJ.?**%7 On the field and in the
trainer’s office, acute muscle strains are commonly known as
muscle “pulls” or “tears.”

Acute muscle strain injuries are caused by a single exces-
sive force that stresses the muscle beyond its ability to with-
stand the force.”'** Extensive research has shown that in
adults, the site of muscle strain occurs most commonly at or
near the MTJ, where muscle fibers attach to the connective
tissue that connects muscle cells to bone (Fig. 1.14). The sus-
ceptibility of the MTJ occurs because this structure is thought
to constitute the weakest point in the musculotendinous unit in
adults.?*3! In skeletally immature patients, the weakest point
in this mechanical chain is the apophysis, or growing part of
bone. This explains why this age group is more likely to suffer
apophyseal avulsion injuries than adults.?*

Pathophysiologically, the tearing of muscle fibers and blood
vessels in an acute muscle strain causes an accumulation of
blood and debris from necrotic muscle cells at the site of the
injury. This results in the formation of a hematoma in the
defect caused by the strain injury. An inflammatory reaction
then occurs over the next 24 to 48 hours in which inflamma-
tory cells migrate to the area and phagocytose the muscle cell
debris and blood clot. Pain and swelling result from inflam-
matory mediators released at the site of injury and increased
capillary permeability. After the inflammatory phase, the heal-
ing phase begins. The healing phase of an acute muscle strain
can be viewed as a balance between two competing processes:
recovery and regeneration of muscle fibers versus the for-
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FiG. 1.14. Histologic appearance of an extensor digitorum longus
muscle specimen obtained immediately after strain injury. Note
limited rupture of the most distal fibers near the myotendinous junc-
tion. M, intact muscle fibers; T, tendon. (Masson stain, original
magnificationx 1.75.) (From Noonan and Garrett.??! © 1997, with
permission from Elsevier.).

mation of dense scar tissue.”?’” Regeneration of muscle fibers
is achieved through the mobilization of satellite cells from the
basal lamina of the myofiber. Satellite cells are a pool of cells
that proliferate and fuse to form new myotubules in the event
of injury to the muscle.?®® The goal of treatment is to maxi-
mize muscle regeneration across the defect while minimizing
fibrous scar formation and contracture, giving the patient the
best possible functional outcome.

Eccentric muscle contractions are implicated as the cause
of most muscle strain injuries. As opposed to concentric
contraction, wherein the muscle shortens as it contracts, or
isotonic contraction, wherein the muscle remains a constant
length, during eccentric contraction the muscle stretches, or is
being mechanically lengthened as it is contracting.?**?** The
result is that the muscle is subjected to greater forces, which
lead to muscle failure and rupture of myofibers at the MTJ.
Eccentric contractions are common in speed sports in which
bursts of acceleration or jumping are necessary, such as track,
basketball, football, soccer, and rugby.?*>!

Muscles that cross two joints, contain a higher proportion
of type II (fast-twitch) fibers, and those subjected to eccentric

B. Orthopedic Perspective: Muscle and Tendon Disease

contraction in the course of activity are most vulnerable to
acute muscle strain. Particular muscles include the gastroc-
nemius, the rectus femoris, the hamstrings (particularly the
biceps femoris), the hip adductors, the biceps brachii, and the
pectoralis major.?!?322332% Strain injuries may also affect the
paraspinous muscles in the lumbar and cervical regions.*?

Based on extensive clinical and athletic experience, previ-
ous muscle injury and fatigue are thought to be risk factors for
strain injury, whereas conditioning, stretching and warm-up
are thought to be protective. Research on animal models and a
limited number of clinical trials have served to validate these
long-held beliefs about muscle strain injuries. Experiments on
rabbit muscle have shown that muscle subjected to nondisrup-
tive myotendinous injury was more susceptible to strain injury
than control muscle.?* Further studies have demonstrated that
muscle subjected to repeated contraction is able to absorb less
energy before reaching the degree of stretch that causes injury,
suggesting that muscle fatigue is a risk factor for muscle strain
injury.?*! In another study, isometrically conditioned muscles
required more force to induce strain injury than contralateral
controls, suggesting that isokinetic stretching prior to activ-
ity may be protective against strain.** Finally, experiments
by Noonan and colleagues*® showed that warming of muscle
might be protective against strain injury. The conclusions
drawn from these experiments are that warm, stretched mus-
cle is less likely to suffer strain injury than previously injured,
cold, unprepared muscle.

Clinical Presentation

The typical presentation of an acute muscle strain injury is
acute muscle pain after an episode of severe loading of a
muscle. The pain often occurs after a maneuver in a speed
sport. The history may reveal onset of pain after a specific
movement that the patient can either describe or simulate. The
patient might have heard a pop or felt a tear at the time of the
injury. The patient might report a history strain injury to the
same muscle group in the past (Fig. 1.15).

The physical examination varies depending on the severity of
the patient’s muscle strain. In all cases, the physical exam reveals
tenderness over the MTJ of the strained muscle. As the MTJ is
often a vast structure, spanning up to half the length of the muscle
belly itself, a large area might be tender on examination.

In grade I strains, the patient presents with tenderness and
pain reproducible with use of the muscle or passive stretch.
However, there are no clinically apparent deficits in strength
or motion.”* Clinicians must recognize that strength or
motion testing may be limited in the clinical setting due to
guarding secondary to pain. Grade II strains have the same
clinical findings as grade I strains, with increased pain and
the possible presence of ecchymosis at the site of the injury
due to the extravasation of blood from the strain site outside
of the perimysium into the subcutaneous space. The presence
of an ecchymosis suggests an injury that has been present for
at least 1 day.”!
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Acute Muscle Injury
-Bony injury ruled out

[
Single excessive
eccentric contraction

Muscle Strain Injury
-Pain at MTJ

Severity?
-Muscle strength deficit?
-Anatomical abnormality?

Direct blunt force

Muscle Contusion
-Pain in muscle belly
+Ecchymosis

Conservative management
-RICE
-Rehabilitation

Grade | or Il Grade IlI
-Conservative management (RICE+NSAID) - RICE
-ROM restoration and rehabilitation -MRI

-Monitor for complications (hematoma,fibrosis) -Consider surgical management

Worsening
-rule out arterial bleeding, hematoma
myositis ossificans

Full Resolution
-Return to activity

FIG. 1.15. Treatment algorithm for acute muscle injury. MTJ, musculotendinous junction; RICE, rest, ice, compression, and elevation.

In the presence of a grade II or III strain, a defect in the
muscle at the site of the strain may be palpable, although this
is an inconsistent finding. The palpation of a defect may be
more difficult in the presence of a hematoma or collection of
fluid in the defect.?>2%

Grade III muscle strains are sometimes clinically evident
due to the presence of the retracted segment of the muscle as
a palpable pseudomass and grossly distorted anatomy with a
significant deficit in muscle strength (Fig. 1.16).202%

The differential diagnosis includes other soft tissue inju-
ries, such as ligamentous sprains, bursitis, or tendon rupture;
bony injuries, such as avulsion fractures, stress fractures, and
apophysitis; joint conditions, such as sacroiliitis; and unre-
lated muscle conditions, such as myositis ossificans.

Evaluation

Clinical assessment of acute muscle strain injury can be chal-
lenging due to patient pain, guarding, and recruitment of syn-

F1G. 1.16. Clinical photograph of an athlete with a severe hamstring
strain. Note the pseudomass in the right posterior thigh. (From Clanton
and Coupe.” © 1998 American Academy of Orthopaedic Surgeons,
with permission.).

ergist muscles interfering with clinical examination of strength
in the affected muscle.?? As a result, imaging is often sought
to determine the extent of injury and the prognosis, and to
evaluate healing lesions. Of the existing imaging modalities,
ultrasound, computed tomography, and MRI have all been
used to evaluate acute muscle strain injuries.?*>?** Plain radio-
graphs are of little value in the setting of muscle strain injury
except to rule out bony injuries including avulsion injury.?*
Ultrasound, which is less costly and more universally avail-
able than MRYI, is considered an appropriate imaging modality
for muscle strain injury.?* One study of Australian football
players showed ultrasound to be as sensitive as MRI in detect-
ing acute hamstring strain injury, but not as sensitive for
evaluating healing injuries.?* Ultrasound is thought to be an
appropriate substitute for MRI in situations where MRI is pro-
hibitively expensive or inconvenient, or when there are contra-
indications to MRI.

Due to its superior resolution, the ability to rule out injuries
to adjacent structures, and the lack of dependence on a compe-
tent operator, MRI is the imaging modality of choice for mus-
cle strain injuries.?*3?*> Magnetic resonance imaging has been
shown to be sensitive for detecting muscle edema, inflamma-
tion, and hemorrhage that occurs in muscle strain injury. Fur-
thermore, MRI is useful in muscle strain injury because of its
ability to rule out pathology to adjacent structures and thereby
narrow the differential diagnosis.?*> Most cases of grade I or
II muscle strain do not warrant MRI investigation. However,
MRI does have a place in several clinical situations: (1) evalu-
ation of injuries wherein the possibility of severe (grade III)
strain exists, (2) surgical planning, (3) evaluation of high-level
and professional athletes to achieve accurate prognosis, and
(4) evaluation of healing lesions for complications.

When the possibility of severe strain exists, MRI is war-
ranted. Patients with grade III strains may benefit from sur-
gical correction of their injury. As a result, MRI must be
obtained if the possibility of a severe strain cannot be ruled
out so that the patient receives appropriate management.
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Magnetic resonance imaging also is warranted in the setting
of a known severe muscle strain. In this setting, the exquisite
anatomic detail afforded by MRI is invaluable in planning the
proper approach and repair. The goal of surgery is to preserve
the length of the muscle, thereby preserving force generation.
Magnetic resonance imaging is increasingly utilized in the
evaluation of high-level and professional athletes as a prog-
nostic tool. In this special population, accurate prognosis is
important in team dynamics and in preventing future injury
that may shorten a player’s career.

Studies in this area have investigated whether MRI is supe-
rior to clinical examination in prognosticating the duration of
disability due to strain injury. One study of clinically diagnosed
hamstring strains in professional Australian football players
showed that strains associated with MRI findings were corre-
lated with longer recovery times than MRI-negative injuries,
suggesting that MRI has value in prognosticating recovery
time in this population.?*® However, a recent cohort study of
58 professional Australian football players comparing clinical
evaluation and MRI as prognostic tools showed that clinical
evaluation was more accurate than MRI in predicting length
of time before return to play. However, the authors point out
that MRI appears to be useful as a prognostic tool in moderate
and severe strains.”*’ Studies have also investigated MRI as a
replacement for field testing to determine if patients are ready
to return to competition. One systematic review, however, found
that the evidence is insufficient to use MRI in this capacity.>*

The last indication for MRI in the clinical setting is for
patients with suspected complications of muscle strain injury.
Patients with symptoms that recur or worsen when they were
expected to improve might benefit from MRI evaluation.
Possible complications include chronic strain, which is com-
monly encountered after premature return to competition;
hematoma, which may benefit from surgical drainage; fibrous
adhesion formation; and myositis ossificans, a rare complica-
tion of muscle strains (seen more commonly in muscle contu-
sions), which will be discussed later.

Management

For mild or moderate muscle strains, conservative (i.e., nonsur-
gical) management is indicated. There are three components
of conservative management: acute care, rehabilitation, and
prevention of reinjury. In the acute setting of a mild or moder-
ate strain, the goal of treatment is to limit hematoma forma-
tion and swelling while providing an environment conducive
to muscle repair and regeneration. To that end, acute care of a
muscle strain injury entails a short period of relative rest (fol-
lowed by early mobilization), cryotherapy (ice), compression,
and elevation (the “RICE” regimen).?’?* Pain management
using nonsteroidal antiinflammatory drugs (NSAIDs) is con-
troversial. Other therapeutic modalities examined for acute
muscle strain injury include therapeutic ultrasound and hyper-
baric oxygen, which need further study despite some promise
for treating muscle strain injuries.
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Relative rest in the acute phase after muscle strain injury is
an effective means of pain control and allows the regeneration
of muscle fibers across the MTJ. A short period of relative
rest after injury also prevents further injury to the MTJ. After
a period of 3 to 7 days of rest, most sources recommend mobi-
lization of injured muscles in order to prevent atrophy and
help align regenerating muscle fibers. Jarvinen and Lehto**
examined the effects of early mobilization, immobilization,
and mobilization following a short immobilization period in
ruptured rat gastrocnemius muscle. In the study, the investiga-
tors found that mobilization after a short period (1 week) of
immobilization resulted in better alignment of healing muscle
fibers and good functional results. As a result, the current
recommendation for treatment of muscle strain injuries is a
short period of immobilization followed by early mobilization
of the area involved to recover proprioception, approximate
physiologic tissue planes, and prevent atrophy.

Cryotherapy (application of ice or cold pack) is a main-
stay in the treatment of soft tissue injuries in sports medi-
cine. Despite the ubiquitous use of cryotherapy, according
to a recent systematic review, controlled trials are lacking in
the case of muscle strain and contusion injury.”! The benefi-
cial effects of cryotherapy are likely from a combination of
decreasing inflammation and desensitizing local pain recep-
tors.2* Elevation presumably causes a decrease in hydrostatic
pressure at the site of the lesion, thereby lessening edema. The
use of elevation is a cornerstone of treatment for acute muscle
strain, but studies confirming its efficacy are lacking.

Treatment of muscle strain injury with compression is
thought to be beneficial by limiting hematoma formation and
swelling with mechanical pressure. Compression is com-
monly used and is unlikely to cause harm. In one of the only
studies of compression in the treatment of muscle injury, a
group of patients treated with maximal compression in acute
muscle strain and contusion injuries failed to show any benefit
from maximal compression compared to a control group, both
in the size of hematoma and in time to recovery. However,
almost every patient in the control group used some form of
submaximal compression to treat the lesions, so submaximal
compression cannot be discredited as a treatment modality
based on the study.??

Nonsteroidal antiinflammatory drugs are prescribed com-
monly for patients with muscle strain injury for pain control.
These medications produce analgesia by inhibiting cyclooxy-
genase enzymes, thereby decreasing prostaglandin production.
Theoretical concern exists as to whether these medications
inhibit the proper healing of muscle strain injuries because
they inhibit the synthesis of inflammatory mediators involved
in the healing process. Much of the concern regarding NSAIDs
in muscle injury comes from a study by Mishra et al.,> in
which rabbit muscles were subjected to muscle injury caused
by repetitive eccentric contractions. In the study, a group of
animals treated with flurbiprofen for 6 days showed enhanced
recovery of muscle tension at 3 and 7 days, but had deficits
compared to the untreated control group at 28 days. The finding
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that the NSAID-treated group showed deficits at 28 days sug-
gests the possibility that NSAIDs interfere with muscle repair
leading to long-term deficits.

In a study of rabbit muscle subjected to strain injury, the
group treated with NSAID therapy (piroxicam) showed a
significant increase in contractile force at 1 day compared
to untreated control muscles. However, there was no differ-
ence in contractile force between the two groups at 2, 4, and
7 days, and no significant difference was ever observed in
tensile strength between the groups.* Further animal studies
have found no evidence that NSAIDs negatively affect satel-
lite cell proliferation.”> There are comparably fewer studies
of NSAIDs for acute muscle strains in human subjects. In a
double-blind, placebo-controlled randomized trial, human
subjects with acute hamstring strains were divided into three
groups: one receiving physiotherapeutic treatment alone, one
receiving meclofemate (an NSAID) plus physiotherapeutic
treatment, and one receiving diclofenac (an NSAID) plus
physiotherapeutic treatment. In the trial, the investigators
found no significant differences in pain, swelling, or muscle
performance between the three groups over the course of 1
week.?¢ The consensus regarding NSAID therapy in muscle
strain injuries is that short-term therapy is likely to be safe,
but there is little evidence of efficacy. In addition, long-term
use of NSAIDs should be discouraged due to possible nega-
tive effects on muscle strength and side effects such as renal
failure and gastrointestinal (GI) bleeding.

Therapeutic ultrasound has been suggested as a treatment for
muscle strain injury. To date, studies have failed to show a ben-
efit from therapeutic ultrasound in the healing of acute muscle
strain injuries.®’” Alternatively, hyperbaric oxygen has been sug-
gested as a treatment modality for acute muscle strain injuries
based on the theory that satellite cell proliferation (and there-
fore muscle regeneration) is enhanced by high oxygen tension.
Although one study showed promising results in a rat model,
the authors pointed out that further study is necessary.>®

For treating severe (grade III) muscle strains, operative
treatment is recommended to preserve muscle length and
prevent fibrous contracture.”* However, there is now some
suggestion that nonoperative treatment, with up to 2 weeks
of immobilization to ensure approximation of wound edges,
achieves results equivalent to surgery in cases of severe strain.
In a study by Almekinders,? rat muscle treated with surgical
repair was shown to recover passive strength to a greater degree
at 1 week than muscle treated with splinting only. However,
by 2 weeks no differences were noted between the surgical or
splinted groups. It is unclear how applicable the study is to the
treatment of human strain injuries, as this study employed a rat
model with an artificial muscle transection injury. Currently,
surgical management of muscle strain injury should be con-
sidered in cases of severe (grade III) muscle strain injury, full
avulsion of the musculotendinous unit from bone, and bony
avulsion with 2cm or more of displacement.?*>?¥7 Addition-
ally, surgery should be considered in patients with a history
of muscle strain injury with persistent pain with extension of
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the affected muscle. Such a finding suggests that a fibrous scar
has formed, leading to limited movement and pain.>**

Muscle Contusion and Laceration

Definition and Pathophysiology

Muscle contusions and lacerations differ from muscle strain inju-
ries in that they represent acute muscle injuries caused by a direct
blow to muscle rather than by excessive stretch (see Table 1.6).
Contusions and lacerations differ from each other, as contusions
are caused by direct force from a blunt object while lacerations
are caused by penetrating trauma (see Fig. 1.15). Since muscle
lacerations are not typically encountered in sports medicine, these
injuries are not discussed in detail in this chapter.

A muscle contusion occurs when a blunt object strikes a
muscle. The result is rupture of myofibers and blood vessels
at the site of the injury. As in the case of muscle strain inju-
ries, this causes a local collection of blood and cell debris,
which is gradually resorbed by phagocytes in the subsequent
inflammatory response. The final stage involves regeneration
of muscle fibers from recruitment of satellite cells.?*

Muscle contusion injuries are common in contact sports,
particularly in sports in which participants wear little protec-
tive padding. As a result, contusions are common in Australian
football, rugby, and soccer. Protective padding aims to prevent
muscle contusion injuries, as it serves to distribute the kinetic
energy of the inciting blow over a greater surface area. Illus-
trating this point, a prospective study of padding in Australian
football players showed that the group that wore protective
thigh padding suffered significantly fewer contusion injuries
than the control group.?®

In a landmark study of muscle contusion injuries, Jackson and
Feagin®! proposed a grading system for contusion severity. The
grading system is based on the resultant limitation of range of
motion of the knee joint 12 to 24 hours postinjury. In this system,
mild contusions are those that leave the patient with near-normal
range of motion and normal gait. Moderate contusions leave the
patient with less than 90 degrees of knee flexion and antalgic gait.
Severe contusions are marked by less than 45 degrees of knee
flexion and a prominent limping gait.

Clinical Presentation

The presentation of a muscle contusion injury is pain and
swelling in a muscle at the site of blunt trauma. The history
is likely to reveal a blunt injury to the site of the contusion.
Physical examination reveals tenderness, discoloration, and
swelling at the site of the injury. Depending on the severity
of the injury, there may be decreased range of motion at the
adjacent joints and inability to bear weight on the extremity.?!
If blood escapes the muscle belly and tracks into more super-
ficial fascial planes, ecchymosis will be present. The differen-
tial diagnosis of muscle contusion injury includes arterial
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rupture, muscle strain injury, bony injury, abscess, tumor,
compartment syndrome, and myositis ossificans.

Evaluation

As in the case of muscle strain injury, in suspected uncompli-
cated muscle contusion evaluation is rarely necessary beyond
the history and physical examination. However, there are situ-
ations in which clinical imaging is warranted in the evaluation
of possible muscle contusion injury. For the same reasons as
in muscle strain injury, MRI is the imaging modality of choice
for muscle contusion injuries.?*

Situations in which suspected muscle contusion injury war-
rant further investigation with imaging include (1) in the con-
text of absent or remote history of trauma to the area, and
(2) suspected complications such as persistent hematoma or
myositis ossificans. A remote or absent history of trauma to
an area that resembles a clinical muscle contusion injury sug-
gests the possibility of soft tissue malignancy. Given this pos-
sibility, it is absolutely essential to obtain an MRI to rule out
these potentially life-threatening conditions.

In a patient with a suspected muscle contusion injury who
has not responded to conservative treatment in the expected
timeframe, there is concern for the complications of muscle
contusion injury such as persistent hematoma or myositis
ossificans. Imaging may be a useful adjunct to rule out such
complications. Myositis ossificans, which is discussed later,
may be imaged with plain radiographs, CT, nuclear scans,
or MRI.?* A patient with suspected muscle contusion injury
whose affected limb continues to swell after 48 hours suggests
the possibility of arterial injury.?®! In that situation, arteriogra-
phy or CT may be used to rule out arterial bleeding.

Management

Most muscle contusion injuries are self-limited and, with treat-
ment, the duration of disability is proportional to the severity
of the injury, ranging from 13 days on average for mild contu-
sions to 21 days on average for severe contusions.’* In one
study, muscle contusion injuries were noted to have a time to
recovery (based on time to pain-free field testing) of 19 + 9
days, which was significantly shorter than time to recovery for
strain injuries (26 + 22 days).>?

In the acute phase of conservative treatment, the goal is to limit
hematoma formation in the affected muscle. To that end, the RICE
regimen is the mainstay of acute treatment for muscle contusion
injuries. Clinical trials have shown benefits of short-term immobi-
lization of contusion injuries in flexion followed by early mobiliza-
tion at 24 to 48 hours depending on the severity of the contusion
injury.? Studies have shown that prolonged immobilization leads
to decreased muscle mass over time and should be avoided. Cryo-
therapy is a ubiquitous and well-accepted treatment modality in
sports medicine, as discussed previously. Compression is thought
to limit the size of hematoma formation, and is considered a cor-
nerstone of treatment for muscle contusion injury.
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As in the case of muscle strain injuries, the use of NSAIDs
in the treatment of muscle contusion injuries is controversial.
Although these agents are generally well tolerated and pro-
duce analgesia, they inhibit the inflammatory pathway and
therefore theoretically interfere with healing of muscle con-
tusion injuries. A study using a rat model of muscle contu-
sion injury found that animals treated with NSAIDs showed
a delay in the inflammatory response and decreased tensile
strength compared to controls.?®* One of the major studies on
the treatment of muscle contusion injuries in humans did not
employ NSAID therapy as part of its protocol.?* The con-
sensus is that NSAID therapy is unlikely to be of benefit in
uncomplicated muscle contusion injury, particularly in long-
term muscle strength.

Corticosteroids and anabolic steroids have been investigated
as treatment modalities for muscle contusion injury. Corti-
costeroids, like NSAIDs, inhibit the inflammatory process
and thus carry the same risk of affecting the healing process.
One study in a rat model showed increased muscle strength
in animals treated with corticosteroids at day 2 compared to
controls. However, decreased muscle strength was observed
in this group compared to controls at day 7. From these data,
corticosteroids seem to cause damage to healing muscles and
should not be used in muscle contusion injury. The study also
investigated the use of anabolic steroids in muscle contusion
injury. They found that muscles treated with anabolic steroids
were significantly stronger than control muscles. The authors
recommend further study into the use of anabolic steroids for
contusion injuries.?®*

After the acute phase of treatment, the next phase is aimed
at recovering a full range of motion followed by strength in
the affected muscle. To this end, pain-free range of motion
and strengthening exercises are recommended. Return-to-play
criteria are different depending on which muscle is affected by
a contusion injury, but for quadriceps contusion one study rec-
ommended that patients need to demonstrate 120 degrees of
knee flexion and be free of atrophy or weakness before return-
ing to athletic activity.?®?

Complications arising from contusion injury should be sus-
pected if the patient fails to improve in the expected timeframe
or experiences worsening symptoms. Complications of muscle
contusion injury include heterotopic ossification (myositis
ossificans; see later discussion), persistent hematomas, and
compartment syndrome. Persistent hematomas may be surgi-
cally drained for symptomatic relief and to prevent further com-
plications such as abscess formation (see Table 1.6).25%265

Exertional Rhabdomyolysis
Definition and Pathophysiology

Rhabdomyolysis refers to a condition of destruction of skele-
tal muscle cells with resultant spilling of intracellular contents
into the systemic circulation.?®® Although serum elevation
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of muscle cell markers such as creatine kinase (CK), lactate
dehydrogenase (LDH), and aspartate aminotransferase (AST)
have been shown to occur in athletes undergoing heavy exer-
cise, suggesting some degree of muscle injury, rhabdomyoly-
sis refers to a condition wherein severe, large-scale destruction
of skeletal muscle causes a fulminate illness requiring hos-
pitalization to prevent cardiac arrest, acute renal failure, and
death.?®

Broadly, there are two categories of causes of rhabdomy-
olysis: nonexertional and exertional. Nonexertional causes of
rhabdomyolysis are numerous, and include crush injury, ther-
mal injury, hereditary metabolic derangements (e.g., McAr-
dle’s disease), skeletal muscle abnormalities (e.g., Duchenne’s
muscular dystrophy), infections (such as HIV), alcohol inges-
tions, and medications (e.g., hepatic hydroxymethylglutaryl
coenzyme A [HMG CoA] reductase inhibitors). The exer-
tional form of rhabdomyolysis is addressed here, as it is more
common in sports medicine.

Exertional rhabdomyolysis is caused by overexertion of
large muscle groups leading to disruption of cellular mem-
branes and subsequent release of intracellular contents into
the circulation. Although exertional thabdomyolysis has been
observed in well-trained athletes, untrained athletes taking
part in strenuous exercise are at higher risk for this condition.
Additional risk factors include dehydration, high altitude,
eccentric exercise, illness, hyperthermia, underlying myopa-
thy, and use of medications that impair the body’s normal
cooling mechanisms or produce dehydration (e.g., anticholin-
ergic medications, diuretics).*"’

The release of muscle cell contents in rhabdomyolysis leads
to hyperkalemia, hyperphosphatemia, hypo- or hypercalce-
mia, and myoglobinuria. Complications associated with
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rhabdomyolysis include cardiac arrest due to hyperkalemia,
acute renal failure, hepatic failure, disseminated intravascular
coagulation due to the presence of necrotic tissue and phos-
pholipid release, and compartment syndrome. Acute renal
failure in rhabdomyolysis is caused by precipitation of myo-
globin in the renal tubules, dehydration, and disordered renal
hemodynamics. Hepatic failure results from the release of
hepatotoxic compounds from skeletal muscle. Compartment
syndrome may occur as a result of increased pressure in an
osseofascial compartment leading to muscle ischemia.

Clinical Presentation

Patients with exertional rhabdomyolysis present with pro-
found weakness, pain, and swelling in affected muscles (Fig.
1.17). The symptoms may present up to several days after
the inciting exercise and are related to breakdown of affected
muscles. Additionally, patients may have systemic symptoms
such as malaise and fever caused by the inflammatory reac-
tion to the necrotic muscle tissue. Finally, patients will likely
report dark, tea- or cola-colored urine, indicative of myoglo-
binuria. The history in the case of exertional rhabdomyolysis
likely reveals intense or unaccustomed exercise activity in the
days before symptoms began. Physical examination reveals
stiffness, weakness, or decreased range of motion in affected
muscle groups.*®

The differential diagnosis for muscle pain with dark urine
includes “march hemolysis,” muscle conditions such as
delayed-onset muscle soreness, muscle strain, and compart-
ment syndrome with a superimposed cause of dark urine
(hepatitis, hemolysis, phenazopyridine ingestion, malaria, or
genitourinary pathology).”®

Subacute/Chronic Muscle Injury |

[
Pain after heavy or unaccostomed
eccentric exercise

Pain during exercise, Pain exacerbated by
relieved by rest repetivite use of structure

+Myoglobinuria —Myoglobinuria -Rule out bony or soft tissue injury, or Pain along distribution of overused
vascular pathology tendon
-Intracompartmental pressure elevated -Rule out bony injury
| | | -Consider MRI to examine soft tissues
Exertional .
DOMS CECS Tendinopathy

Rhabdomyolysis

-1V hydration
-Management of ARF,
-Electrolytes, DIC, Acute Compartment

-Conservative management (RICE)
-NSAIDs
-Resolution in 5-7 days

-Syndrome

-Consider fasciotomy -Conservative management

(rest, eccentric strengthening,
+Corticosteroid injection)

I—l—l

No resolution
-Consider surgery

Resolution

Fi1G. 1.17. Treatment algorithm for subacute and chronic muscle injury. ARF, acute renal failure; CECS, chronic exertional compartment syn-
drome; DIC, disseminated intravascular coagulation; DOMS, delayed-onset muscle soreness; NSAID, nonsteroidal antiinflammatory drug;

RICE, rest, ice, compression, and elevation.
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Evaluation

Confirmation of the diagnosis of rhabdomyolysis is based on lab-
oratory measurements, which indirectly confirm the presence of
muscle cell necrosis. Serum tests reveal elevated creatine kinase
(CK), indicative of muscle cell contents in the systemic circula-
tion. Sequential serum CK measurements can be used to follow
the ongoing destruction of muscle cells as well as resolution of
muscle necrosis. Interestingly, serum CK measurements seem
to peak at different time points depending on the nature of the
inciting exercise. Predominantly concentric exercise causes an
immediate but mild rise in CK with a peak at about 24 hours. Pre-
dominantly eccentric exercise causes a robust rise in CK begin-
ning at 2 days and peaking in 5 to 6 days.”®

Urine tests indicated in rhabdomyolysis include dipstick
and microscopic urinalysis. Urine dipstick shows a positive
orthotoluidine test, indicative of heme-containing compounds
in the urine. In rhabdomyolysis, this finding occurs in the con-
text of urine negative for red blood cells on microscopy, sug-
gesting myoglobinuria.

Although not typically indicated, imaging has been used to
further evaluate patients with acute exertional rhabdomyolysis.
Ultrasound, CT, and MRI have been investigated for this purpose.
According to one study, MRI has the greatest sensitivity of the
three for detecting nonspecific changes consistent with rhabdo-
myolysis (100% for MRI versus 62% for CT and 42% for ultra-
sound).”® The MRI findings in rhabdomyolysis that were seen in
the study were areas of increased signal intensity, a nonspecific
finding suggesting muscle edema. Because the findings in rhab-
domyolysis are nonspecific, MRI can support the diagnosis of
rhabdomyolysis only in the context of the full clinical picture.
However, it was also suggested that MRI aids in the treatment of
rhabdomyolysis when compartment syndrome exists and fasciot-
omy is indicated.?®? As a side note, MRI is also recommended
by some authors for evaluating a patient with acute renal failure
of unknown etiology in order to rule out rhabdomyolysis, due to
its sensitivity for detecting rhabdomyolysis.*”!

Management

Management of rhabdomyolysis is aimed at support of urine
output to prevent acute renal failure. As a result, aggressive
intravenous hydration is the mainstay of treatment. Alkaliniza-
tion of the urine by addition of sodium bicarbonate to intrave-
nous fluids and use of mannitol are suggested by some sources
to further facilitate excretion of myoglobin, but their use is con-
troversial and not generally considered necessary.>’>?7

Treatment of electrolyte imbalances is also important in
rhabdomyolysis. Hyperkalemia should be managed using
insulin and dextrose infusion or sodium polystyrene sulfonate
(Kayexalate) as the clinical picture dictates. Hyperphosphate-
mia can be treated with oral phosphate binders. Hypocalcemia
is generally not necessary to correct with exogenous calcium
supplementation, as it tends to resolve spontaneously as cal-
cium is mobilized from necrotic muscle tissue.*™
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Exertional rhabdomyolysis may be complicated by acute
renal failure, disseminated intravascular coagulation (DIC), or
compartment syndrome. Complications should be treated as
they arise. Acute renal failure is treated with dialysis as indi-
cated. Disseminated intravascular coagulation is treated with
fresh frozen plasma or platelet infusion if bleeding occurs.
Compartment syndrome, as will be discussed in the next sec-
tion, is treated with fasciotomy to relieve increased intracom-
partmental pressure and prevent contracture.

Acute Compartment Syndrome

Definition and Pathophysiology

Compartment syndromes are caused by excessive pressure
buildup in an osseofascial compartment, leading to muscle
and nerve ischemia. If untreated, compartment syndromes
lead to muscle fibrosis and contracture. Excess pressure in an
osseofascial compartment might be a result of hemorrhage or
edema and leads to collapse of capillaries supplying the mus-
cle and nerve cells. The result is ischemic myoneural necrosis,
with increasing edema causing a vicious cycle of increasing
compartment pressure ultimately leading to a contracted, use-
less limb (Volkmann’s contracture).

Compartment syndromes may be acute or chronic. In the
acute setting, compartment syndromes usually present as
complications of fracture or crush injury as the result of blood
and edema in a relatively noncompliant osseofascial compart-
ment. Fractures of the distal humerus, proximal radius, and
tibia are associated with a high risk of compartment syndrome.
Acute compartment syndromes may also be a complication of
athletic muscle injury, as cases caused by muscle strain, rup-
ture, contusion, and rhabdomyolysis have been reported.?’*”
Further, cases related to muscle edema from exercise in the
absence of injury have been reported.?*

Clinical Presentation

Patients with acute compartment syndrome present with deep
pain or pressure localized to the affected compartment. The
history most likely is notable for trauma, fracture, recent sur-
gery, or athletic injury. Classically, physical examination find-
ings associated with acute compartment syndrome have been
termed the “6 P’s”: pain exacerbated by passive stretch of
involved muscle groups, pink skin due to vasodilation, paresis
due to nerve ischemia, paresthesias (as a result of nerve isch-
emia), and “pulses.” Contrary to established dogma regard-
ing pulses in compartment syndrome, distal pulses are usually
present in the early stages of the disease because pressures
must be very high to occlude flow in the large arteries.?

The differential diagnosis of acute compartment syndrome
includes arterial occlusion, deep vein thrombosis (DVT), and
neuropathy of the affected limb.
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Evaluation

The gold standard diagnostic modality for acute and chronic
compartment syndromes 1is intracompartmental pressure
measurement. In the acute setting, such measurements may
be made with a variety of devices. Elevated intracompart-
mental pressure confirms the diagnosis of acute compart-
ment syndrome. Controversy exists as to what is considered
a “threshold pressure” above which a clinically significant
compartment syndrome exists and how long such a pressure
must be sustained within a compartment for damage to occur.
However, studies have shown that the threshold pressure is
around 30 to 40 mm Hg.>”®

Acute compartment syndromes represent a situation in which
limbs are acutely threatened. It is for this reason that imaging
evaluations are rarely undertaken in this setting. However,
MRI has been shown to be sensitive for detecting nonspecific
changes in muscle attributable to compartment syndrome and
could therefore theoretically be used to evaluate patients for
compartment syndrome when clinical doubt exists.?**2%

Management

The goal of treatment of acute compartment syndrome is to
relieve the pressure and preserve the neuromuscular function
of the affected limb. Although the definitive treatment for com-
partment syndromes is fasciotomy of the affected compartment,
some compartment syndromes have been shown to resolve with
conservative treatment.”’” If conservative treatment fails, imme-
diate fasciotomy of the affected compartment is indicated to
salvage the use of the limb (Figs. 1.18 and 1.19).776

Subacute and chronic conditions of muscle and tendon in
orthopedic sports medicine are typically related to overuse of
the musculotendinous unit. Pathology may be due to eccentric
contractions (e.g., delayed-onset muscle soreness), muscle
ischemia (e.g., chronic exertional compartment syndrome), or
degeneration of tendons due to overuse (e.g., tendinopathy).
Additionally, chronic conditions of muscle may be due to late
complications of acute and subacute or chronic muscle pathol-
ogy (e.g., myositis ossificans) (Table 1.7).

Delayed-Onset Muscle Soreness

Definition and Pathophysiology

Delayed-onset muscle soreness (DOMS) is a condition
of temporary muscle pain and weakness that results from
reversible damage to muscle cells. It is most often caused
by unaccustomed or heavy exercise, specifically exercise
involving eccentric muscle contractions, and is familiar to
athletes at all skill levels (Table 1.7). Although similar to
muscle strain injuries in mechanism of injury (eccentric
exercise), DOMS has a more gradual time course and a dif-
ferent pathophysiology than muscle strain injury.
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Pathophysiologically, several models have been forwarded
to account for DOMS. However, none of the models alone can
perfectly account for the pathophysiologic changes associated
with DOMS. Therefore, an integrated model has been put for-
ward in the literature.?’”® The integrated model holds that the
changes leading to DOMS result from microstructural dam-
age to muscle as a result of eccentric contractions. Rather than
causing tearing of muscle fibers at the MTJ as in acute strain
injury, in DOMS these forces cause damage in the microstruc-
ture of type II muscle fibers. Studies of muscle biopsy speci-
mens after eccentric contraction have revealed a characteristic
damage pattern to muscle structure in DOMS referred to as
“Z-line streaming.”?’8? Further, damage to the muscle archi-
tecture results in calcium accumulation within the damaged
tissue. This activates proteolytic enzymes, further damaging
the muscle. These events account for the rise in serum CK
(a marker of skeletal muscle damage) observed in DOMS.

Several hours after the initial damage to the muscle, there
is an inflammatory reaction in which neutrophils are recruited
to the site of injury. Neutrophils in turn phagocytose cellular
debris and release oxidative substances causing further muscle
damage. Monocytes, precursors to macrophages, are attracted
to the site and produce inflammatory mediators that give rise
to pain. In addition, increased pressure in the muscle caused
by increased capillary permeability in the inflammatory reac-
tion results in pain. The symptoms resolve over the course
of 5 to 7 days, although studies have shown that evidence of
DOMS in MRI scans (increased T2 signal indicating muscle
edema) may persist even months past the resolution of symp-
toms.?® The significance of this finding is not clear.

Clinical Presentation

The patient with DOMS presents with muscle pain and decreased
strength in the affected muscles. Patients describe the pain as an
“ache” and may report muscle stiffness or weakness. The his-
tory includes a bout of unaccustomed or heavy exercise, heavy
manual labor, or other activity that incorporates eccentric muscle
contraction prior to the onset of symptoms. Unlike patients with
acute muscle strain injuries, patients with DOMS do not recall
a dramatic “pop” or “tear” with immediate pain. Physical exam
reveals tenderness over the affected muscle (sometimes localiz-
ing to the MTJ but possibly generalizing to the whole muscle),
possible edema, and decreased strength or range of motion.?!

The differential diagnosis for DOMS includes muscle
strain, muscle contusion, exertional rhabdomyolysis, com-
partment syndrome, tendinopathy, referred pain, neuropathic
pain, DVT, and bony or ligamentous injury.

Evaluation

Since DOMS is a self-limited condition, a patient with history
and physical exam strongly suggestive of DOMS requires no
further workup. Depending on the clinical picture, the workup
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FiG. 1.18. (A—C) The anterolateral fasciotomy for chronic exertional compartment syndrome can be performed through a longitudinal skin
incision centered over the anterolateral intermuscular septum. The skin incision should be at the junction of the proximal and middle thirds
of the leg. In the anterior compartment, the fasciotomy should begin anterior to the septum, with scissors directed anteriorly, in order to avoid
injury to the superficial peroneal nerve. In the lateral compartment, the fasciotomy should start posterior to the septum, with scissors directed
slightly posterior. (From Johnson DH, Pedowitz RA. Practical Orthopaedic Sports Medicine and Arthroscopy. Philadelphia: Lippincott
Williams & Wilkins, 2006, with permission.).
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FiG. 1.19. The posterior fasciotomy for chronic exertional com-
partment syndrome begins with a skin incision just posterior to the
medial tibial crest, at the junction of the middle and distal thirds of
the leg. Care should be taken to protect the saphenous nerve and
vein. The superficial posterior release is performed by splitting the
fascia overlying the medial gastrosoleus complex. The deep poste-
rior compartment is entered just posterior to the tibial cortex. Scis-
sors should be slightly open during the fasciotomy in order to avoid
injury to perforating vessels and / or the posterior tibial neurovascular
structures. (From Johnson DH, Pedowitz RA. Practical Orthopaedic
Sports Medicine and Arthroscopy. Philadelphia: Lippincott Williams
& Wilkins, 2006, with permission.).

may include plain radiographs (to exclude bony injury), urinal-
ysis (to exclude exertional rhabdomyolysis), compartmental
pressure measurement (to exclude compartment syndrome),
or ultrasound (to exclude DVT).

TaBLE 1.7. Subacute or chronic muscle pathology.

Subacute/chronic conditions Local sequelae Systemic Sequelae

Delayed-onset muscle Protection against None
soreness (DOMS) future DOMS

Chronic exertional Denervation None
compartment syndrome Contracture
(CECS)

Overuse injury/tendinopathy Tendon rupture None

Myositis ossificans Decreased ROM None
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Magnetic resonance imaging has been shown to be sensi-
tive for DOMS-related changes and has been used to study
DOMS pathogenesis.?* However, MRI is not generally war-
ranted in the clinical workup of DOMS except to exclude
DVT, ligamentous injury, and other soft tissue injury. Mag-
netic resonance imaging in DOMS shows increased signal on
T2 sequences suggestive of muscle edema. These are non-
specific findings that are also consistent with grade 1 muscle
strain injuries. It is therefore believed that DOMS may be
most reliably differentiated from acute muscle strain injury
on the basis of the patient’s history. It must also be noted that
changes attributable to DOMS in MR images may persist long
past resolution of symptoms.

Management

Delayed-onset muscle soreness is a self-limited condition.
Classically, symptoms begin shortly after the inciting exer-
cise, peak in 24 to 72 hours, and in most patients resolve
fully in 7 days with no residual loss of function.?3*-232283
In the meantime, management has classically consisted of
rest, cryotherapy, compression, and NSAIDs. Electric nerve
stimulation and massage have been studied for the treat-
ment of DOMS with mixed results, while pre- or postex-
ercise stretching and hyperbaric oxygen have demonstrated
no benefit. Fortunately, due to the “repeated bout” effect, an
episode of DOMS might be protective against future recur-
rences after eccentric exercise.

Relative rest is indicated in the management of DOMS to
prevent further injury. However, as in the case of acute muscle
strain, total immobilization is not thought to be beneficial. Gen-
tle isometric stretching aimed at increasing range of motion
(ROM) are thought to help align muscle fibers for proper heal-
ing. Cryotherapy is used in the management of DOMS pri-
marily for its analgesic effects and is unlikely to cause harm
if used in moderation. However, in one study of cryotherapy
for DOMS, immersion of an affected arm in a cold water bath
showed no effect on muscle soreness, torque generation, or
muscle girth compared to contralateral control arms.?** Com-
pression is a commonly employed modality for DOMS. One
study showed that continuous compression is beneficial in
DOMS in decreasing subjective pain, CK elevation, swelling,
and force generation compared to control.®®> Another study
found that intermittent compression is beneficial in decreasing
stiffness and pain associated with DOMS.?

The use of NSAIDs for muscle injuries, as previously dis-
cussed, is controversial due to the potential for these drugs to
interfere with the healing process or cause adverse side effects.
Mishra et al.>** observed decreased muscle strength in a rat
model treated with NSAIDs after muscle injury, which suggests
that NSAIDs may have a deleterious effect on muscle healing
from DOMS. Clearly, further study in this area is indicated.
However NSAID therapy for DOMS has been studied with
reference to several investigational indices, including subjec-
tive pain, functional testing, measurements of muscle girth and
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edema (radiologically and clinically), serum markers (generally
using serum CK, which is thought to be a marker of muscle
damage), and microscopic evidence of inflammation. Addi-
tionally, studies have examined the use of NSAIDs adminis-
tered after the onset of DOMS?!-%72% or both before and after
the onset of symptoms.?**! Most studies show a subjective
decrease in pain in patients using oral or topical NSAIDs com-
pared to placebo.?1-287-28.21 Some studies also show a benefit in
increased muscle strength or decreased swelling as measured
by MRI.27288 Most studies also showed a significant decrease in
serum CK rise in the treatment group, suggesting that NSAIDs
protect against muscle damage in DOMS,*#! but some stud-
ies show no difference between groups.?®**° One study of eight
men treated with naproxen sodium after eccentric exercise failed
to show a benefit of treatment in serum CK, muscle strength at
24 hours, and pain.®® Most of these trials did not report any
adverse drug reactions related to NSAID use.

In one trial, patients in the treatment group received diclof-
enac for a total of 27 days, which was much longer than in any
other trial. In this trial, there were no significant differences
in adverse drug reactions observed between the treatment and
control groups.”! Studies have yielded mixed results on the
efficacy of NSAIDs, although the preponderance of evidence
seems to suggest that short courses of these drugs starting
before or after onset of symptoms of DOMS tend to be ben-
eficial in attenuating soreness, muscle weakness, and muscle
damage. Although there is still a questionable risk of long-
term damage to muscle as a result of NSAID treatment, short
courses seem to be well tolerated.

Electrical stimulation for treating DOMS has been stud-
ied by several investigators. So far, the results have been
mixed. In one study, transcutaneous electrical nerve stimula-
tion (TENS) seemed to have an analgesic effect on DOMS
at 24 and 48 hours.?> However, a more recent placebo-con-
trolled trial of TENS showed no significant effect on DOMS-
related pain.?* Massage has been shown to be effective for
DOMS in some studies, including a study in which massage
2 hours after exercise improved pain scores at 48 hours.?**
Some studies show no benefit, possibly because of varia-
tion in massage techniques. One systematic review showed
insufficient evidence to recommend hyperbaric oxygen
treatment, and even found evidence that hyperbaric oxygen
may increase interim pain in DOMS.*5 Pre- and postexer-
cise static stretching has been shown not to be effective in
preventing or limiting pain associated with DOMS, as has
topical heat application.?”82%

Fortunately for patients suffering from DOMS, bouts
of exercise that induce muscle damage appear to induce
adaptations that are protective against future muscle dam-
age and DOMS. This process is called the “repeat bout”
effect. One study showed that one bout of downhill running
(commonly used in DOMS studies because it causes eccen-
tric gastrocnemius and soleus contractions) significantly
decreased pain and CK elevations when the exercise was
repeated at 3 and 6 weeks.?”’
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Chronic Exertional Compartment
Syndrome

Definition and Pathophysiology

Chronic exertional compartment syndrome (CECS) is a condi-
tion of exercise-induced pain in an osseofascial compartment
as a result of pathologically elevated intracompartmental pres-
sure (see Table 1.7). Typically, the condition presents in the
compartments of the leg (anterior, posterior, deep posterior,
and lateral), although presentation in other compartments is
possible. For the most common form of CECS discussed in
the literature (anterior leg CECS), the cardinal symptom is
chronic, exercise-induced leg pain.

The pathophysiology of CECS is not as clear as that of
acute compartment syndrome. Although some studies have
provided evidence for muscle ischemia giving rise to the pain
associated with CECS (a similar mechanism to the mechanism
of acute compartment syndrome), some studies have refuted
such a model.?*3% QOther studies have suggested that patients
with CECS have pathologically thickened fascia, which pre-
disposes them to CECS.?”

Clinical Presentation

The patient with CECS presents with chronic, exercise-
related pain. Typically patients are young and athletic;
the mean age in one study was 26.°! The pain may be
described as “pressure,” “aching,” or “sharp,” and local-
izes to the involved compartment(s). Historically, the pain
occurs after exercise of the involved muscles and resolves
with rest. The pain may progress over time, causing the
patient to be able to tolerate progressively less exercise
before onset of pain. Other symptoms of CECS include
muscle weakness and paresthesias that are likely related to
compromised nerve function.

Physical examination is typically unrevealing in patients
with CECS, particularly when they are asymptomatic. Pain
to palpation of involved muscles, muscle hypertrophy, and
palpation of muscle hernias (which occur in 20% to 60% of
patients) are possible physical exam findings.?**3!

There is a broad differential diagnosis for CECS (particu-
larly in a patient presenting with leg pain). The differential
includes muscle strain injury, DOMS, medial tibial stress syn-
drome (tibial periostitis), stress fracture, tendon pathology,
peripheral vascular disease, peroneal nerve apraxia, periph-
eral neuropathy, DVT, spinal stenosis, and lumbar herniated
nucleus pulposus.

Evaluation

The lack of physical examination findings in CECS has
prompted many investigators to validate objective means to
make the diagnosis. In contrast to acute compartment syn-
drome, where plain radiographs are of little value, plain
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radiographs are indicated to rule out bony pathology such
as stress fractures in CECS. As in acute compartment syn-
drome, the gold standard diagnostic modality for CECS is
intracompartmental pressure measurement. In CECS, inves-
tigators have emphasized pressure measurements after exer-
cise, preferably that which reproduces symptoms. The most
widely accepted pressure measurement criteria for CECS are
those set forward by Pedowitz et al.’**! Their study identified
three criteria: a preexercise resting intracompartmental pres-
sure 215mm Hg, a 1 minute postexercise pressure 30 mm
Hg, or a 5-minute postexercise pressure 20mm Hg. The
study suggested that application of these criteria combined
with a history suggestive of CECS should result in less than a
5% false-positive rate in the diagnosis of CECS. The authors
recommend repeat pressure measurement and clinical judg-
ment in equivocal cases.

Since intracompartmental pressure (ICP) measurements are
invasive and to some degree depend on operator technique,
other modalities to make the diagnosis of CECS have been
studied. For this purpose, MRI and near-infrared spectroscopy
(NIRS) have been examined in several studies. In an early study
of MRI for CECS, the investigators found that MRI had prom-
ise as a diagnostic modality but concluded at the time that MRI
was not indicated in the workup of CECS.?*® The most recent
such study was a prospective study comparing intracompart-
mental pressure measurement, MRI, and NIRS for diagnosis
of CECS.**? The presence of CECS in the study was confirmed
by resolution of symptoms after fasciotomy. The investigators
found ICP and NIRS to have similar sensitivity and specificity
for diagnosing CECS (77% for pressure measurement, 85% for
NIRS), while MRI had unacceptably low specificity at similar
levels of sensitivity (17% specificity at 86% sensitivity using a
change in T2 ratio). The authors conclude that the study vali-
dated the diagnostic value of pressure measurement and NIRS
but that MRI was less suitable for this purpose.

Another noninvasive method for diagnosing CECS that has
been studied is thallium-201 single photon emission tomog-
raphy (SPET) scanning, which could theoretically detect
ischemia in a compartment affected by CECS. Unfortunately,
a prospective study of 34 patients showed no qualitative or
quantitative difference between patients with CECS. This
finding suggests that thallium-201 SPET has no role in the
diagnosis of CECS.3

Management

As in acute compartment syndrome, the definitive treatment
of CECS is fasciotomy of involved compartments. Although
conservative management may be attempted in CECS patients
willing to decrease their exercise routine, the benefits of pain-
free exercise generally outweigh the risks of surgery.

Many studies have been performed to examine outcomes
of surgical management of CECS. Although the studies are
difficult to compare because of different examined outcomes,
most report postoperative success over the follow-up period.
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In one series of 100 patients, of which 70 were treated with
fasciotomy, surgical treatment resulted in a 90% rate of cure
or significant functional improvement at 4.5 months after
surgery.’® In another study, fasciotomy was performed in 53
patients with convincing history and raised tissue pressure
measurements (not using the Pedowitz et al.’®! criteria) and
18 patients with convincing history only. The study reports a
marked reduction in symptoms in 87% of patients at 2 years
postoperatively.*** These studies concur with the usual success
rates in studies of operative treatment of CECS that ranged
from 42% to 92% in a recent review.?”

Overuse Injuries/Tendinopathy

Definition and Pathophysiology

Overuse injuries in the medical literature are a heterogeneous
group of disorders. This designation encompasses injuries to
bones, nerves, ligaments, and the musculotendinous unit (see
Table 1.7). The common thread is that in such chronic injuries
the pathology results from overuse of an anatomic structure.
Overuse injuries are commonly encountered in sports and
occupational medicine, and are often named after the incit-
ing sport (e.g., Little Leaguer’s elbow, tennis elbow). Such
nomenclature does not refer to the underlying pathologic pro-
cess, and therefore is not employed in this discussion. This
discussion is limited to injuries most commonly encountered
in sports medicine that affect the tendon portion of the mus-
culotendinous unit. Specifically, examples of such pathology
that are discussed here include medial epicondylitis (golfer’s
elbow), lateral epicondylitis (tennis elbow), patellar tendinop-
athy (jumper’s knee), and Achilles tendinopathy.

Pathophysiologically, tendinopathies are overuse injuries
that result in degeneration of the overused tendon. Studies of
affected tendons demonstrate separation of collagen fibers
and loss of parallel orientation (Fig. 1.20). There is also an
increase in type III collagen (indicative of an ongoing repair
process) and an increase in mucoid ground substance.053%
These pathologic findings highlight the problems encoun-
tered in the nomenclature associated with overuse tendon
injuries. Although commonly referred to as “tendonitis,”
implying an underlying inflammatory etiology, such inju-
ries usually lack an inflammatory component in the chronic
state. As a result, some authors have suggested that using the
term tendinopathy or tendinosus is more accurate.*®® Such
nomenclature is used in this discussion. Theoretically, any
tendon is susceptible to tendinopathy, but tendons that are
subjected to overuse, such as those mentioned above, are
those classically affected.

Clinical Presentation

A patient with tendinopathy presents with chronic pain localized
to the involved tendon. The pain is aggravated by use. The history
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FiG. 1.20. (A) Artist’s depiction of the structure of a healthy tendon.
Note the tightly organized collagen fibrils. (B) A tendinopathic ten-
don, showing degenerative connective tissue changes and disordered
collagen fibrils.

may reveal overuse of the tendon due to athletic activity (e.g.,
pain localizing to the lateral aspect of the elbow exacerbated by
tennis). There will be a history of chronic symptoms. Physical
exam reveals tenderness along the length of the involved tendon,
possible erythema overlying the tendon, and possible muscle
weakness. In many cases of tendinopathy, provocative tests that
involve loading of the suspected tendon may be used to repro-
duce the patient’s symptoms, making the diagnosis clear.

The differential diagnosis for tendinopathy includes bony
or ligamentous injury, arthritis or other intraarticular pathol-
ogy, DOMS, old muscle strain injury, apophyseal avulsion
injury, nerve entrapment, or abscess.

Evaluation

Often tendinopathy is evident based on the history and physical
exam findings, including provocative maneuvers. However, if
history and physical examination are equivocal, or the patient
has failed medical intervention and surgery is deemed appropri-
ate, clinical imaging is warranted. Plain radiographs are used in
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such injuries to rule out bony avulsion injuries and intraarticular
bodies. To visualize the tendon itself, ultrasound, CT, and MRI
have been studied in the literature. Of these imaging modalities,
MRI is considered the modality of choice.

Ultrasound examination of the patellar tendon was shown
to demonstrate degenerative change in all 28 knees that under-
went surgical repair in one study. In the same study, MRI was
equally effective in demonstrating degenerative changes in the
same patients.*” In another study of patellar tendinopathy, ultra-
sound demonstrated degenerative changes in all 16 patients,
CT demonstrated similar findings, and MRI showed focal
enlargement of the tendon in all cases with high-intensity
lesions in 88% of cases.’® In another study comparing MRI
findings with pathologic specimens in patients with confirmed
patellar tendinopathy, MRI showed findings in all diseased
tendons, including focal thickening (11 out of 11 tendons),
and abnormal signal intensity on T2—weighted images (10 out
of 11 tendons).*® These findings suggest that in patellar ten-
dinopathy, all modalities may be useful to demonstrate degen-
erative changes. The choice of specific modality depends on
individual factors; MRI has the benefit of being able to rule
out pathology in adjacent structures and with its exquisite
resolution is appropriate for surgical planning. Ultrasound,
on the other hand, is inexpensive and quick and may be war-
ranted when MRI is unavailable.

Studies of lateral elbow tendinopathy (“lateral epicondyli-
tis”) have demonstrated that ultrasound and MRI are useful
imaging modalities. One study of 20 cases of elbow tendi-
nopathy showed MRI findings to correlate well with the histo-
pathologic findings. The study authors suggest that MRI is the
appropriate imaging modality for surgical planning.’'°

Management

Management of tendinopathy is aimed at restoring healthy
tendon architecture through the synthesis of new collagen. To
that end, tendinopathies are treated with relative rest, cryo-
therapy, and eccentric strengthening exercise. Analgesia with
local steroid injection or NSAID therapy remains controversial,
as tendinopathies are considered to represent a degenerative
rather than inflammatory process. Massage, orthotic devices,
and therapeutic ultrasound are of uncertain benefit in the man-
agement of tendinopathy. Extracorporeal shock wave therapy
(ESWT) has been shown to be of no benefit. Surgery is used in
cases of tendinopathy that fail medical management, although
controlled trials showing the efficacy of surgery are lacking.
Relative rest is used in the management of tendinopathy to
protect degenerative tendons from further injury or rupture.
However, no studies exist to guide clinicians on the duration
or intensity of rest. Patients should be instructed to avoid
activities that exacerbate their symptoms. Cryotherapy is
used in tendinopathy to ease pain and allow for early mobili-
zation. Eccentric strengthening exercises are thought to help
align tendons properly and aid in the synthesis of new colla-
gen. Given that there is little evidence of acute inflammation
in the pathogenesis of tendinopathy, the use of NSAIDs and
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corticosteroids remains suspect. A recent Cochrane review
of NSAID therapy for lateral elbow tendinopathy found that
while topical NSAID therapy seems to be effective for short-
term pain relief, there is insufficient evidence to recommend
for or against oral NSAID therapy. The review further stated
that injected corticosteroid therapy appears to be more effec-
tive than oral NSAIDs at controlling pain in lateral elbow ten-
dinopathy in the short term.>!!

A Cochrane systematic review of rotator cuff tendinopathy
concluded that subacromial steroid injection appears better
than placebo but failed to demonstrate benefit over NSAIDs in
a small number of trials.’'? A systematic review of injected cor-
ticosteroids for lateral elbow tendinopathy found statistically
significant improvement in pain, global improvement, and grip
strength compared to placebo and injected local anesthetics in
the short term (<6 weeks). However, for intermediate and long-
term outcomes (=6 weeks), no benefits were found.’"?

Deep tissue friction massage failed to show a pain con-
trol benefit in lateral epicondylitis in a systematic review.>*
Orthotic devices are often used in the treatment of tendinopa-
thy to absorb or dampen forces that put stress on degenerative
tendons. A systematic review found that the use of orthotic
devices in lateral elbow tendinopathy was inconclusive due
to the limited number of randomized controlled trials.?'
Finally, another systematic review found insufficient evidence
to recommend or discourage acupuncture for lateral elbow
tendinopathy, although two small trials have demonstrated a
short-term pain control benefit.3'¢ Extracorporeal shock wave
therapy was shown in a systematic review of nine placebo-
controlled trials to provide “little or no benefit in terms of pain
and function in lateral elbow pain.”'

Surgery is often pursued in patients with tendinopathy
who have failed medical management. The aim of surgery in
tendinopathy is to excise degenerative tissue from tendons.
Although surgery is reported to be effective in some forms of
tendinopathy, few controlled trials exist. A Cochrane review
of surgery for lateral elbow tendinopathy found that no con-
clusion could be drawn regarding surgical treatment for this
condition as no controlled trials were available.?'®

Mpyositis Ossificans

Definition and Pathophysiology

Myositis ossificans is a condition of heterotopic bone forma-
tion at a site of previous muscle trauma.’” In sports medi-
cine, myositis ossificans is most often encountered as a late
complication of muscle contusion injury, and it is this presen-
tation of myositis ossificans (“myositis ossificans traumatica”)
that is the subject of this discussion.

The development of myositis ossificans at the site of pre-
vious muscle trauma is thought to be a result of progressive
organization and ossification of an intramuscular hematoma.
The process has been divided into three stages: acute, sub-
acute, and chronic.® The stages represent differing stages of
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organization of the hematoma and display different findings
on imaging studies.

Myositis ossificans may present in any muscle, but large
muscles such as the quadriceps are most often affected.®> A
study of quadriceps contusion injuries in West Point cadets
found several risk factors for the development of myositis
ossificans. Risk factors included range of knee flexion <120
degrees, injury secondary to playing football, a history of pre-
vious quadriceps injury, delay in treatment greater than 72
hours, and ipsilasteral knee effusion. Patients with more risk
factors were found to be at greater risk.?> The incidence of
myositis ossificans in the study was 9% overall, with a 17%
incidence in patients with moderate and severe contusions.?®

Clinical Presentation

A patient with myositis ossificans typically presents after
acute blunt muscle trauma, although sometimes there is only
a distant or forgettable trauma history (see Table 1.7). Patients
report a failure of conservative management of their contu-
sion injury or an acute worsening of pain after initial improve-
ment.*"”” They might also note swelling, heat, limited ROM
of the adjacent joint, or a mass. Physical examination reveals
swelling, heat, induration, and possibly a palpable mass over
the involved muscle belly. Range of motion might be affected,
and the patient might have a strength deficit secondary to pain.
The differential diagnosis of myositis ossificans includes
hematoma, abscess, osteomyelitis, or sarcoma.

Evaluation

Evaluation of suspected myositis ossificans may begin with
laboratory tests. Serum alkaline phosphatase is typically ele-
vated, as is erythrocyte sedimentation rate (ESR). These tests
are not specific for myositis ossificans.

Clinical imaging may help make the diagnosis of myo-
sitis ossificans. Using imaging, myositis ossificans may be
differentiated from sarcoma or abscess. Plain radiographs,
CT scans, MRI, and nuclear bone scanning have been
examined for this purpose. In all modalities, images of the
affected area change over time as the lesion matures. In the
acute stage, radiographs, CT images, and MRI show non-
specific changes. At this time, nuclear medicine bone scans
have been shown to be more sensitive to detect myositis
ossificans. In such scans, the lesion demonstrates increased
tracer uptake. In the subacute stage, plain radiographs,
CT scans, and MRI show a mass with irregular calcifica-
tion that may be confused with a sarcoma. Finally, in the
chronic stage, plain radiographs, CT images, and MRI
show a mass resembling native bone. Nuclear bone scans
show decreased uptake of radioactive tracer, suggestive of
decreased metabolic activity. This finding, combined with
a lack of invasion of adjacent structures and discontinuity
with the adjacent bone, suggests a benign process such as
myositis ossificans versus sarcoma.
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Imaging findings in myositis ossificans can help inform
the decision whether to biopsy a suspicious lesion. In myo-
sitis ossificans, biopsy is generally avoided in the acute and
subacute stages due to possible exacerbation of the ossifica-
tion process.?* For this reason, surgical evaluation of myositis
ossificans is contraindicated until the lesion reaches a stage of
decreased metabolic activity. Lesions suspicious for sarcoma
in imaging studies and those without a suspected precipitat-
ing cause suggesting myositis ossificans should be biopsied to
exclude malignancy.

Management

Myositis ossificans in its acute and subacute stages is treated
just like muscle contusion injury, using the RICE regimen.
Treatments shown to prevent heterotopic ossification related
to total hip arthroplasty such as NSAIDs (indomethacin and
naproxen) and bisphosphonates are recommended by some
authors.*'*2! However, no study has examined the use of these
medications for myositis ossificans specifically. Additionally,
radiation therapy is considered effective in the prevention of
heterotopic ossification, but is generally not used in myositis
ossificans.

Surgical resection of myositis ossificans is generally not
indicated. Studies show that the presence of ossification does
not affect ROM or limit activity.?*> Further, myositis ossificans
may spontaneously resorb over the course of several years,
obviating the need for surgery.’"® Complications of myositis
ossificans include joint ankylosis, nerve entrapment, and lim-
ited ROM caused by masses of heterotopic bone. When such
complications arise, surgery may be warranted. As mentioned
previously, before surgery on myositis ossificans is under-
taken, studies must be conducted to show that the lesion has
reached its mature stage so that exacerbation of symptoms
does not result.

References

1. Kujala UM. Benefits of exercise therapy for chronic diseases. Br J
Sports Med 2006;40:3—4.

2. Ekeland E, Heian F, Hagen KB. Can exercise improve self esteem
in children and young people? A systematic review of randomised
controlled trials. Br J Sports Med 2005;39:792-8.

3. Emery CA, Meeuwisse WH, McAllister JR. Survey of sport par-
ticipation and sport injury in Calgary and area high schools. Clin J
Sport Med 2006;16:20-6.

4. Schneider S, Seither B, Tonges S, et al. Sports injuries: population
based representative data on incidence, diagnosis, sequelae, and
high risk groups. Br J Sports Med 2006;40:334-9.

5. Hawkins RD, Fuller CW. A prospective epidemiological study of
injuries in four English professional football clubs. Br J Sports
Med 1999;33:196-203.

6. United States Food and Drug Administration. Center for Devices
and Radiological Health. Whole body scanning using computed
tomography (CT). What are the radiation risks from CT? http://
www.fda.gov/cdrh/ct/risks.html.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

B. Orthopedic Perspective: Muscle and Tendon Disease

. Semelka RC. Imaging x-rays cause cancer: a call to action for

caregivers and patients, 2006. http://www.medscape.com/
viewprogram/5063.

. Connell DA, Schneider-Kolsky ME, Hoving JL, et al. Longitudi-

nal study comparing sonographic and MRI assessments of acute
and healing hamstring injuries. AJR Am J Roentgenol 2004;
183:975-84.

. Strobel K, Hodler J, Meyer DC, et al. Fatty atrophy of supra-

spinatus and infraspinatus muscles: accuracy of US. Radiology
2005;237:584-9.

Cross TM, Gibbs N, Houang MT, et al. Acute quadriceps muscle
strains: magnetic resonance imaging features and prognosis. Am
J Sports Med 2004;32:710-9.

Robinson P, Barron DA, Parsons W, et al. Adductor-related groin
pain in athletes: correlation of MR imaging with clinical find-
ings. Skeletal Radiol 2004;33:451-7.

el-Noueam KI, Schweitzer ME, Bhatia M, et al. The utility of
contrast-enhanced MRI in diagnosis of muscle injuries occult to
conventional MRI. J Comput Assist Tomogr 1997;21:965-8.
Mellerowicz H, Lubasch A, Dulce MC, et al. Diagnosis and
follow-up of muscle injuries by means of plain and contrast-
enhanced MRT: experimental and clinical studies. Rofo 1997;
166:437-45.

Grainger AJ, Rhodes LA, Keenan AM, et al. Quantifying peri-
meniscal synovitis and its relationship to meniscal pathology in
osteoarthritis of the knee. Eur Radiol 2007;17(1):119-24.

Pla ME, Dillingham TR, Spellman NT, et al. Painful legs and
moving toes associates with tarsal tunnel syndrome and acces-
sory soleus muscle. Mov Disord 1996;11:82-86.

Kendi TK, Altinok D, Erdal HH, et al. Imaging in the diagno-
sis of symptomatic forearm muscle herniation. Skeletal Radiol
2003;32:364-6.

Quick HH, Ladd ME, Hoevel M, et al. Real-time MRI of joint
movement with true FISP. ] Magn Reson Imaging 2002;15:710—
15.

Sinha S, Hodgson JA, Finni T, et al. Muscle kinematics during
isometric contraction: development of phase contrast and spin
tag techniques to study healthy and atrophied muscles. J Magn
Reson Imaging 2004;20:1008-19.

Le Y, Glaser K, Rouviere O, et al. Feasibility of simultaneous
temperature and tissue stiffness detection by MRE. Magn Reson
Med 2006;55:700-5.

Bensamoun SF, Ringleb SI, Littrell L, et al. Determination of
thigh muscle stiffness using magnetic resonance elastography.
J Magn Reson Imaging 2006;23:242-7.

Akima H, Kinugasa R, Kuno S. Recruitment of the thigh muscles
during sprint cycling by muscle functional magnetic resonance
imaging. Int J Sports Med 2005;26:245-52.

Hug F, Bendahan D, Le Fur Y, et al. Heterogeneity of muscle
recruitment pattern during pedaling in professional road cyclists:
a magnetic resonance imaging and electromyography study. Eur
J Appl Physiol 2004;92:334-42.

Takeda Y, Kashiwaguchi S, Matsuura T, et al. Hamstring mus-
cle function after tendon harvest for anterior cruciate ligament
reconstruction: evaluation with T2 relaxation time of magnetic
resonance imaging. Am J Sports Med 2006;34:281-8.

Takeda Y, Kashiwaguchi S, Endo K, et al. The most effec-
tive exercise for strengthening the supraspinatus muscle:
evaluation by magnetic resonance imaging. Am J Sports Med
2002;30:374-81.



1. Muscle

25.

26

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Yanagisawa O, Niitsu M, Yoshioka H, et al. MRI determination
of muscle recruitment variations in dynamic ankle plantarflexion
exercise. Am J Phys Med Rehabil 2003;82:760-5.

. Patten C, Meyer RA, Fleckenstein JL. T2 Mapping of Muscle.

Semin Musculoskelet Radiol 2003;7:297-307.

Green RAR, Wilson DJ. A pilot study using magnetic resonance
imaging to determine the patterns of muscle group recruitment
by rowers with different levels of experience. Skeletal Radiol
2000;29:196-203.

Noseworthy MD, Bulte DP, Alfonsi J. BOLD magnetic reso-
nance imaging of skeletal muscle. Semin Musculoskelet Radiol
2003;7:307-15.

Ledermann HP, Schulte AC, Heidecker HG, et al. Blood oxygen-
ation level-dependent magnetic resonance imaging of the skel-
etal muscle in patients with peripheral arterial occlusive disease.
Circulation 2006;113:2929-35.

Meyer RA, Towse TF, Reid RW, et al. BOLD MRI mapping of
transient hyperemia in skeletal muscle after single contractions.
NMR Biomed 2004;17:392-8.

Price TB, Kamen G, Damon BM, et al. Comparison of MRI with
EMG to study muscle activity associated with dynamic plantar
flexion. Magn Reson Imaging 2003;21:853-61.

Ploutz LL, Tesch PA, Biro RL, et al. Effect of resistance training on
muscle use during exercise. J Appl Physiol 1994;76:1675-81.
Conley MS, Stone MH, Nimmons M, et al. Resistance training
and human cervical muscle recruitment plasticity. J Appl Physiol
1997;83:2105-211.

Abe T, Kojima K, Kearns CF, et al. Whole body muscle hyper-
trophy from resistance training: distribution and total mass. Br J
Sports Med 2003;37:543-5.

Ozsarlak O, Parizel PM, De Schepper AM, et al. Whole-body
MR screening of muscles in the evaluation of neuromuscular dis-
eases. Eur Radiol 2004;14:1489-93.

O’Connell MJ, Powell T, Brennan D, et al. Whole-body MR
imaging in the diagnosis of polymyositis. AJR Am J Roentgenol
2002;179:967-71.

Brooks SV. Current topics for teaching skeletal muscle physiol-
ogy. Adv Physiol Educ 2003;27:171-82.

Hodges PW, Pengel LH, Herbert RD, et al. Measurement of
muscle contraction with ultrasound imaging. Muscle Nerve
2003;27:682-92.

Kubo K, Kanehisa H, Azuma K, et al. Muscle architectural char-
acteristics in young and elderly men and women. Int J Sports
Med 2003;24:125-30.

Heemskerk AM, Strijkers GJ, Vilanova A, et al. Determi-
nation of mouse skeletal muscle architecture using three-
dimensional diffusion tensor imaging. Magn Reson Med
2005;53:1333-40.

Toomayan GA, Robertson F, Major NM, et al. Upper extremity
compartmental anatomy: clinical relevance to radiologists. Skel-
etal Radiol 2006;35:195-201.

Toomayan GA, Robertson F, Major NM. Lower extremity com-
partmental anatomy: clinical relevance to radiologists. Skeletal
Radiol 2005;34:307-13.

Anderson MW, Temple HT, Dussault RG, et al. Compartmen-
tal anatomy: relevance to staging and biopsy of musculoskeletal
tumors. AJR Am J Roentgenol 1999;173:1663-71.

Boles CA, Kannam S, Cardwell AB. The forearm: anatomy
of muscle compartments and nerves. AJR Am J Roentgenol
2000;174:151-9.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

37

Bergman RA, Afifi AK, Miyauchi R. Illustrated encyclopedia of
human anatomic variation. Anatomic Atlases. Revised 2004. http://
www.anatomyatlases.org/Anatomic Variants/ AnatomyHP.shtml.
Kopsch F. Rauber’s Lehrbuch der Anatomie des Menschen.
Leipzig: Thieme, 1908.

Boutin RD. Anatomy and MR imaging of sports-related muscle
injuries. In: Buckwalter KA, Kransdorf MJ, eds. RSNA Categori-
cal Course in Diagnostic Radiology: Musculoskeletal Imaging—
Exploring New Limits. Oak Brook, IL: Radiological Society of
North America, 2003:7-24.

Zeiss J, Guilliam-Haidet L. MR demonstration of anomalous
muscles about the volar aspect of the wrist and forearm. Clin
Imaging 1996;20:219-21.

Cheung Y, Rosenberg ZS. MR imaging of the accessory mus-
cles around the ankle. Magn Reson Imaging Clin North Am
2001;9:465-73.

Beiner JM, Jokl P. Muscle contusion injury and myositis ossificans
traumatica. Clin Orthop Relat Res 2002;403(suppl):S110-9.
Orchard JW. Intrinsic and extrinsic risk factors for muscle strains
in Australian football. Am J Sports Med 2001;29:300-3.

Verrall GM, Slavotinek JP, Barnes PG, et al. Clinical risk factors
for hamstring muscle strain injury: a prospective study with cor-
relation of injury by magnetic resonance imaging. Br J Sports
Med 2001;35:435-9.

Bahr R, Holme I. Risk factors for sports injuries—a methodological
approach. Br J Sports Med 2003;37:384-92.

Emery CA, Meeuwisse WH, Powell JW. Groin and abdominal
strain injuries in the National Hockey League. Clin J Sport Med
1999:9:151-6.

Gibbs NJ, Cross TM, Cameron M, et al. The accuracy of MRI in
predicting recovery and recurrence of acute grade one hamstring
muscle strains within the same season in Australian Rules foot-
ball players. J Sci Med Sport 2004;7:248-58.

Upton PA, Noakes TD, Juritz JM. Thermal pants may reduce the
risk of recurrent hamstring injuries in rugby players. Br J Sports
Med 1996;30:57-60.

Brooks JH, Fuller CW, Kemp SP, et al. Incidence, risk, and pre-
vention of hamstring muscle injuries in professional rugby union.
Am J Sports Med 2006;34(8):1297-306.

Woods C, Hawkins RD, Maltby S, et al. The Football Associa-
tion Medical Research Programme: an audit of injuries in profes-
sional football—analysis of hamstring injuries. Br J Sports Med
2004;38:36-41.

Verrall GM, Slavotinek JP, Barnes PG, et al. Diagnostic and
prognostic value of clinical findings in 83 athletes with posterior
thigh injury: comparison of clinical findings with magnetic reso-
nance imaging documentation of hamstring muscle strain. Am J
Sports Med 2003;31:969-73.

Kirkendall DT, Garrett WE Jr. Clinical perspectives regarding
eccentric muscle injury. Clin Orthop Relat Res 2002;403 Suppl:
S81-9.

Mair SD, Seaber AV, Glisson RR, et al. The role of fatigue in
susceptibility to acute muscle strain injury. Am J Sports Med
1996;24:137-43.

Gabbe BJ, Finch CF, Bennell KL, et al. Risk factors for hamstring
injuries in community level Australian football. Br J Sports Med
2005;39:106-10.

Gabbe BJ, Bennell KL, Finch CF, et al. Predictors of hamstring
injury at the elite level of Australian football. Scand J Med Sci
Sports 2006;16:7-13.



38

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

T7.

78.

79.

80.

81.

82.

83.

84.

Ploutz-Snyder LL, Tesch PA, Dudley GA. Increased vulner-
ability to eccentric exercise-induced dysfunction and mus-
cle injury after concentric training. Arch Phys Med Rehabil
1998;79:58-61.

Butterfield TA, Herzog W. Effect of altering starting length and
activation timing of muscle on fiber strain and muscle damage.
J Appl Physiol 2006;100:1489-98.

Askling C, Saartok T, Thorstensson A. Type of acute hamstring
strain affects flexibility, strength, and time to return to pre-injury
level. Br J Sports Med 2006;40:40—4.

Connell DA, Potter HG, Sherman MF, el al. Injuries of the pec-
toralis major muscle: evaluation with MR imaging. Radiology
1999;210:785-91.

Palmer WE, Kuong SJ, Elmadbouh HM. MR imaging of myo-
tendinous strain. AJR Am J Roentgenol 1999;173:703-79.
Palmer WE. Myotendinous unit: MR imaging diagnosis and pit-
falls. In: Buckwalter KA, Kransdorf MJ, eds. RSNA Categorical
Course in Diagnostic Radiology: Musculoskeletal Imaging—
Exploring New Limits. Oak Brook, IL: Radiological Society of
North America, 2003:25-35.

Slavotinek JP, Verrall GM, Fon GT. Hamstring injury in athletes:
using MR imaging measurements to compare extent of muscle
injury with amount of time lost from competition. AJR Am J
Roentgenol 2002;179:1621-8.

De Smet AA, Best TM. MR imaging of the distribution and loca-
tion of acute hamstring injuries in athletes. AJR Am J Roent-
genol 2000;174:393-9.

Schneider-Kolsky ME, Hoving JL, Warren P, et al. A comparison
between clinical assessment and magnetic resonance imaging of
acute hamstring injuries. Am J Sports Med 2006;34:1008-15.
Huard J, Li Y, Fu FH. Muscle injuries and repair: current trends
in research. J Bone Joint Surg Am 2002;84—A:822-32.
Menetrey J, Kasemkijwattana C, Day CS, et al. Growth fac-
tors improve muscle healing in vivo. J Bone Joint Surg Br
2000;82:131-7.

Jarvinen TA, Jarvinen TL, Kaariainen M, et al. Muscle injuries:
biology and treatment. Am J Sports Med 2005;33:745-64.
Noonan TJ, Garrett WE Jr. Muscle strain injury: diagnosis and
treatment. J] Am Acad Orthop Surg 1999;7:262-9.

Connell DA, Burke F, Malara F, et al. Comparison of ultrasound
and MR imaging in the assessment of acute and healing ham-
string injuries (Abstract). Society of Skeletal Radiology Annual
Meeting, 2003.

Koulouris G, Connell D. Imaging of hamstring injuries: thera-
peutic implications. Eur Radiol 2006;16:1478-87.

Greco A, McNamara MT, Escher RM, et al. Spin-echo and STIR
MR imaging of sports-related muscle injuries at 1.5 T. J Comput
Assist Tomogr 1991;15:994-9.

Klingele KE, Sallay PI. Surgical repair of complete proximal
hamstring tendon rupture. Am J Sports Med 2002;30:742-7.
Orava S, Kujala UM. Rupture of the ischial origin of the ham-
string muscles. Am J Sports Med 1995;23:702-5.

Sherry MA, Best TM. A comparison of 2 rehabilitation programs
in the treatment of acute hamstring strains. J Orthop Sports Phys
Ther 2004;34:116-25.

Shrier I. Muscle dysfunction versus wear and tear as a cause of
exercise related osteoarthritis: an epidemiological update. Br J
Sports Med 2004;38:526-35.

Singh RK, Pooley J. Complete rupture of the triceps brachii mus-
cle. Br J Sports Med 2002;36:467-9.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

B. Orthopedic Perspective: Muscle and Tendon Disease

Connell DA, Jhamb A, James T. Side strain: a tear of
internal oblique musculature. AJR Am J Roentgenol
2003;181:1511-7.

Humphries D, Jamison M. Clinical and magnetic resonance
imaging features of cricket bowler’s side strain. Br J Sports
Med 2004;38:E21.

Magquirriain J, Ghisi JP. Uncommon abdominal muscle injury
in a tennis player: internal oblique strain. Br J Sports Med
2006;40:462-3.

Dyson R, Buchanan M, Hale T. Incidence of sports injuries in
elite competitive and recreational windsurfers. Br J Sports Med
2006;40:346-50.

Bono CM. Low-back pain in athletes. J Bone Joint Surg Am
2004;86—A:382-96.

Heiderscheit BC, Hoerth DM, Chumanov ES, et al. Identify-
ing the time of occurrence of a hamstring strain injury during
treadmill running: a case study. Clin Biomech (Bristol, Avon)
2005;20:1072-8.

Thelen DG, Chumanov ES, Best TM, et al. Simulation of biceps
femoris musculotendon mechanics during the swing phase of
sprinting. Med Sci Sports Exerc 2005;37:1931-8.

Garrett WE Jr, Califf JC, Bassett FH 3rd. Histochemical corre-
lates of hamstring injuries. Am J Sports Med 1984;12:98-103.
Yamamoto T. Relationship between hamstring strains and leg
muscle strength. A follow-up study of collegiate track and field
athletes. J Sports Med Phys Fitness 1993;33:194-9.

Burkett LN. Investigation into hamstring strains: the case of the
hybrid muscle. J Sports Med 1975;3:228-31.

Koulouris G, Connell D. Hamstring muscle complex: an imag-
ing review. Radiographics 2005;25:571-86.

Koulouris G, Connell D. Evaluation of the hamstring muscle com-
plex following acute injury. Skeletal Radiol 2003;32:582-9.
Brandser EA, el-Khoury GY, Kathol MH, et al. Hamstring
injuries: radiographic, conventional tomographic, CT, and MR
imaging characteristics. Radiology 1995;197:257-62.

Straw R, Colclough K, Geutjens G. Surgical repair of a chronic
rupture of the rectus femoris muscle at the proximal mus-
culotendinous junction in a soccer player. Br J Sports Med
2003;37:182-4.

Hardy JR, Chimutengwende-Gordon M, Bakar I. Rupture of
the quadriceps tendon: an association with a patellar spur.
J Bone Joint Surg Br 2005;87:1361-3.

Ilan DI, Tejwani N, Keschner M, et al. Quadriceps tendon rup-
ture. ] Am Acad Orthop Surg 2003;11:192-200.

Shah MK. Simultaneous bilateral rupture of quadriceps ten-
dons: analysis of risk factors and associations. South Med J
2002;95:860-6.

Shah M, Jooma N. Simultaneous bilateral quadriceps tendon rup-
ture while playing basketball. Br J Sports Med 2002;36:152-3.
Katz T, Alkalay D, Rath E, et al. Bilateral simultaneous rupture
of the quadriceps tendon in an adult amateur tennis player. J Clin
Rheumatol 2006;12:32-3.

Jarvinen TA, Jarvinen TL, Kannus P, et al. Collagen fibres of
the spontaneously ruptured human tendons display decreased
thickness and crimp angle. J Orthop Res 2004;22:1303-9.

Hsu JC, Fischer DA, Wright RW. Proximal rectus femoris avul-
sions in national football league kickers: a report of 2 cases.
Am J Sports Med 2005;33:1085-7.

Rizio L 3rd, Salvo JP, Schurhoff MR, et al. Adductor lon-
gus rupture in professional football players: acute repair



1. Muscle

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

with suture anchors: a report of two cases. Am J Sports Med
2004;32:243-5.

Tyler TF, Nicholas SJ, Campbell RJ, et al. The association of
hip strength and flexibility with the incidence of adductor mus-
cle strains in professional ice hockey players. Am J Sports Med
2001;29:124-8.

Robinson P, White LM. The biomechanics and imaging of soc-
cer injuries. Semin Musculoskelet Radiol 2005;9:397-420.
Orchard J, Seward H. Epidemiology of injuries in the Aus-
tralian Football League, seasons 1997-2000. Br J Sports
Med 2002;36:39-44.

Schlegel TF, Boublik M, Ho CP, et al. Role of MR imaging
in the management of injuries in professional football players.
Magn Reson Imaging Clin N Am 1999;7:175-90.

Gibbs N. Injuries in professional rugby league. A three-year
prospective study of the South Sydney Professional Rugby
League Football Club. Am J Sports Med 1993;21:696-700.
O’Connor D. Groin injuries in professional rugby league play-
ers: a prospective study. J Sports Sci 2004;22:629-36.
Nicholas SJ, Tyler TE. Adductor muscle strains in sport. Sports
Med 2002;32:339-44.

Kalebo P, Karlsson J, Sward L, et al. Ultrasonography of chronic
tendon injuries in the groin. Am J Sports Med 1992;20:634-9.
Orchard J, Best TM, Verrall GM. Return to play following mus-
cle strains. Clin J Sport Med 2005;15:436-41.

Attarian DE. Isolated acute hip adductor brevis strain. J South
Orthop Assoc 2000;9:213-5.

Sanders SM, Schachter AK, Schweitzer M, et al. Iliacus mus-
cle rupture with associated femoral nerve palsy after abdomi-
nal extension exercises: a case report. Am J Sports Med
2006;34:837-9.

Tuite DJ, Finegan PJ, Saliaris AP, et al. Anatomy of the proxi-
mal musculotendinous junction of the adductor longus muscle.
Knee Surg Sports Traumatol Arthrosc 1998;6:134-7.

Ippolito E, Postacchini F. Rupture and disinsertion of the proxi-
mal attachment of the adductor longus tendon. Case report with
histochemical and ultrastructural study. Ital J Orthop Traumatol
1981;7:79-85.

Mouzopoulos G, Stamatakos M, Vasiliadis G, et al. Rupture of
adductor longus tendon due to ciprofloxacin. Acta Orthop Belg
2005;71:743-5.

Sangwan SS, Aditya A, Siwach RC. Isolated traumatic rupture of
the adductor longus muscle. Indian J Med Sci 1994;48:186-7.
Albers SL, Spritzer CE, Garrett WE Jr, et al. MR findings in
athletes with pubalgia. Skeletal Radiol 2001;30:270-7.

Kluin J, den Hoed PT, van Linschoten R, et al. Endoscopic
evaluation and treatment of groin pain in the athlete. Am J
Sports Med 2004;32:944-9.

Brennan D, O’Connell MJ, Ryan M, et al. Secondary cleft sign
as a marker of injury in athletes with groin pain: MR image
appearance and interpretation. Radiology 2005;235:162-7.
Slavotinek JP, Verrall GM, Fon GT, et al. Groin pain in foot-
ballers: the association between preseason clinical and pubic
bone magnetic resonance imaging findings and athlete out-
come. Am J Sports Med 2005;33:894-9.

Boutin RD, Newman JS. MR imaging of sports-related hip dis-
orders. Magn Reson Imaging Clin North Am 2003;11:255-81.
Nelson EN, Kassarjian A, Palmer WE. MR imaging of sports-
related groin pain. Magn Reson Imaging Clin North Am
2005;13:727-42.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

39

Delgado GJ, Chung CB, Lektrakul N, et al. Tennis leg: clinical US
study of 141 patients and anatomic investigation of four cadavers
with MR imaging and US. Radiology 2002;224:112-9.
Bojsen-Moller J, Hansen P, Aagaard P, et al. Differential dis-
placement of the human soleus and medial gastrocnemius apo-
neuroses during isometric plantar flexor contractions in vivo.
J Appl Physiol 2004;97:1908-14.

Johnston C, Ford S, Eustace S. MRI of calf pain in elite ath-
letes. AJR 2006;186(suppl):A125(abst).

Weishaupt D, Schweitzer ME, Morrison WB. Injuries to the
distal gastrocnemius muscle: MR findings. J Comput Assist
Tomogr 2001;25:677-82.

Bianchi S, Martinoli C, Abdelwahab IF, et al. Sonographic
evaluation of tears of the gastrocnemius medial head. J Ultra-
sound Med 1998;17:157-62.

Guillodo Y, Botton E, Saraux A, Le Goff P. Effusion between
the aponeuroses (letter). J Ultrasound Med 1999;18:860-81.
Koulouris G, Jhamb A, Connell DA, et al. MR imaging find-
ings of calf muscle injuries. AJR 2006;186(suppl):A41(abst).
Anderson JE. Grant’s Atlas of Anatomy, 8th ed. Baltimore:
Williams & Wilkins, 1983.

Zvijac JE, Schurhoff MR, Hechtman KS, et al. Pectoralis major
tears: correlation of magnetic resonance imaging and treatment
strategies. Am J Sports Med 2006;34:289-94.

Raske A, Norlin R. Injury incidence and prevalence among elite
weight and power lifters. Am J Sports Med 2002;30:248-56.
Beloosesky Y, Grinblat J, Weiss A, et al. Pectoralis major rup-
ture in elderly patients: a clinical study of 13 patients. Clin
Orthop Relat Res 2003;413:164-9.

Aarimaa V, Rantanen J, Heikkila J, et al. Rupture of the pecto-
ralis major muscle. Am J Sports Med 2004;32:1256-62.
Butler D. Pectoralis major muscle injuries: evaluation and man-
agement (letter). ] Am Acad Orthop Surg 2006;14:259.
Petilon J, Carr DR, Sekiya JK, et al. Pectoralis major muscle
injuries: evaluation and management. J Am Acad Orthop Surg
2005;13:59-68.

Lee J, Brookenthal KR, Ramsey ML, et al. MR imaging
assessment of the pectoralis major myotendinous unit: An
MR imaging-anatomic correlative study with surgical corre-
lation. AJR Am J Roentgenol 2000;174:1371-5.

Carrino JA, Chandnanni VP, Mitchell DB, et al. Pectoralis
major muscle and tendon tears: Diagnosis and grading using
magnetic resonance imaging. Skeletal Radiol 2000;29:305-13.
Schachter AK, White BJ, Namkoong S, et al. Revision recon-
struction of a pectoralis major tendon rupture using hamstring
autograft: a case report. Am J Sports Med 2006;34:295-8.
Orchard JW, Farhart P, Leopold C. Lumbar spine region pathol-
ogy and hamstring and calf injuries in athletes: is there a con-
nection? Br J Sports Med 2004;38:502—4.

Chougle A, Batty PD, Hodgkinson JP. Audit of injuries
in a premiership football squad over a 5-year period [let-
ter]. J Sports Sci Med 2005;4:211-3 (http://www.jssm.org/
b-v4n2.php).

Ward P. Brazilian radiologists take on soccer injuries. Diagn
Imaging Eur 2005;21;18-21 (http://www.diagnosticimaging.
com).

Verrall GM, Slavotinek JP, Barnes PG, et al. Assessment
of physical examination and magnetic resonance imaging
findings of hamstring injury as predictors for recurrent
injury. J Orthop Sports Phys Ther 2006;36:215-24.



40

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Ryan JB, Wheeler JH, Hopkinson W/, et al. Quadriceps contu-
sions. West Point update. Am J Sports Med 1991;19:299-304.
Theumann N, Abdelmoumene A, Wintermark M, et al. Post-
traumatic pseudolipoma: MRI appearances. Eur Radiol
2005;15:1876-80.

Thorsson O, Lilja B, Nilsson P, et al. Immediate external com-
pression in the management of an acute muscle injury. Scand J
Med Sci Sports 1997;7:182-90.

Diaz JA, Fischer DA, Rettig AC, et al. Severe quadriceps mus-
cle contusions in athletes. A report of three cases. Am J Sports
Med 2003;31:289-93.

Bush CH. The magnetic resonance imaging of musculoskeletal
hemorrhage. Skeletal Radiol 2000;29:1-9.

Rubin JI, Gomori JM, Grossman RI, et al. High-field MR
imaging of extracranial hematomas. AJR Am J Roentgenol
1987;148:813-7.

Kransdorf MJ, Murphey MD. Imaging of Soft Tissue Tumors,
2nd ed. Philadelphia: Lippincott Williams & Wilkins, 2006.
Dooms GC, Fisher MR, Hricak H, et al. MR imaging of intramus-
cular hemorrhage. J Comput Assist Tomogr 1985;9:908—13.

De Smet AA, Fisher DR, Heiner JP, et al. Magnetic resonance
imaging of muscle tears. Skeletal Radiol 1990;19:283-6.

De Smet AA. Magnetic resonance findings in skeletal muscle
tears. Skeletal Radiol 1993;22:479-84.

El-Khoury GY, Brandser EA, Kathol MH, et al. Imaging of
muscle injuries. Skeletal Radiol 1996;25:3-11.

Saotome K, Koguchi Y, Tamai K, et al. Enlarging intramuscular
hematoma and fibrinolytic parameters. J Orthop Sci 2003;8:132—6.
Temple HT, Kuklo TR, Sweet DE, et al. Rectus femoris
muscle tear appearing as a pseudotumor. Am J Sports Med
1998;26:544-8.

Kaplan FS, Glaser DL, Hebela N, et al. Heterotopic ossifica-
tion. J Am Acad Orthop Surg 2004;12:116-25.

Bouchardy L, Garcia J. Magnetic resonance imaging in the
diagnosis of myositis ossificans circumscripta. J Radiol
1994,75:101-10.

Hanquinet S, Ngo L, Anooshiravani M, et al. Magnetic reso-
nance imaging helps in the early diagnosis of myositis ossifi-
cans in children. Pediatr Surg Int 1999;15:287-9.

Shirkhoda A, Armin AR, Bis KG, et al. MR imaging of myo-
sitis ossificans: variable patterns at different stages. J Magn
Reson Imaging 1995;5:287-92.

Ackerman LV. Extra-osseous localized non-neoplastic bone
and cartilage formation (so-called myositis ossificans). Clinical
and pathological confusion with malignant neoplasms. J Bone
Joint Surg 1958;40-A:279-98.

Renault E, Favier T, Laumonier F. Non-traumatic myositis ossi-
ficans circumscripta. Arch Pediatr 1995;2:150-55.

Parikh J, Hyare H, Saifuddin A. A review of the imaging fea-
tures of post traumatic myositis ossificans using a multimodality
approach with a particular emphasis on MRI. Radiological Soci-
ety of North America Annual Meeting, Chicago, 2003.
Ledermann HP, Schweitzer ME, Morrison WB. Pelvic het-
erotopic ossification: MR imaging characteristics. Radiology
2002;222:189-95.

McCarthy EF, Sundaram M. Heterotopic ossification: a review.
Skeletal Radiol 2005;34:609-19.

Kluger G, Kochs A, Holthausen H. Heterotopic ossifica-
tion in childhood and adolescence. J Child Neurol 2000;15:
406-13.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

B. Orthopedic Perspective: Muscle and Tendon Disease

Lewallen DG. Heterotopic ossification following total hip
Arthroplasty. Instr Course Lect 1995;44:287-92.

Tibone J, Sakimura I, Nickel VL, et al. Heterotopic ossification
around the hip in spinal cord-injured patients. A long-term fol-
low-up study. J Bone Joint Surg Am 1978;60:769-75.

Shehab D, Elgazzar AH, Collier BD. Heterotopic ossification.
J Nucl Med 2002;43:346-53.

Coblentz CL, Cockshott WP, Martin RF. Resolution of
myositis ossificans in a hemophiliac. J Can Assoc Radiol
1985;36:161-2.

Lieber RL, Friden J. Morphologic and mechanical basis of
delayed-onset muscle soreness. J Am Acad Orthop Surg
2002;10:67-73.

Takarada Y. Evaluation of muscle damage after a rugby
match with special reference to tackle plays. Br J Sports Med
2003;37:416-9.

Yu JG, Carlsson L, Thornell LE. Evidence for myofibril remod-
eling as opposed to myofibril damage in human muscles with
DOMS: an ultrastructural and immunoelectron microscopic
study. Histochem Cell Biol 2004;121:219-27.

Nurenberg P, Giddings CJ, Stray-Gundersen J, et al. MR imag-
ing-guided muscle biopsy for correlation of increased signal
intensity with ultrastructural change and delayed-onset muscle
soreness after exercise. Radiology 1992;184:865-9.

Shellock FG, Fukunaga T, Mink JH, et al. Exertional muscle
injury: evaluation of concentric versus eccentric actions with
serial MR imaging. Radiology 1991;179:659-64.

Chance JR, Kragh JF Jr, Agrawal CM, et al. Pullout forces of
sutures in muscle lacerations. Orthopedics 2005;28:1187-90.
Negishi S, Li Y, Usas A, et al. The effect of relaxin treatment on
skeletal muscle injuries. Am J Sports Med 2005; 33:1816-24.
Li Y, Huard J. Differentiation of muscle-derived cells into myofibro-
blasts in injured skeletal muscle. Am J Pathol 2002;161:895-907.
Walter GA, Cahill KS, Huard J, et al. Noninvasive monitoring
of stem cell transfer for muscle disorders. Magn Reson Med
2004;51:273-7.

Mellado JM, Perez del Palomar L. Muscle hernias of the lower
leg: MRI findings. Skeletal Radiol 1999;28:465-9.

Bianchi S, Abdelwahab IF, Mazzola CG, et al. Sono-
graphic examination of muscle herniation. J Ultrasound Med
1995;14:357-60.

Alhadeff J, Lee CK. Gastrocnemius muscle herniation at the
knee causing peroneal nerve compression resembling sciatica.
Spine 1995;20:612-4.

Zeiss J, Ebraheim NA, Woldenberg LS. Magnetic resonance
imaging in the diagnosis of anterior tibialis muscle herniation.
Clin Orthop 1989;244:249-53.

Beggs I. Sonography of muscle hernias. AJR Am J Roentgenol
2003;180:395-9.

Elliott KG, Johnstone AJ. Diagnosing acute compartment syn-
drome. J Bone Joint Surg Br 2003;85:625-32.

Olson SA, Glasgow RR. Acute compartment syndrome in
lower extremity musculoskeletal trauma. J Am Acad Orthop
Surg 2005;13:436-44.

Mohler LR, Styf JR, Pedowitz RA, et al. Intramuscular deoxy-
genation during exercise in patients who have chronic ante-
rior compartment syndrome of the leg. J] Bone Joint Surg Am
1997;79:844-9.

Fraipont MJ, Adamson GJ. Chronic exertional compartment
syndrome. J] Am Acad Orthop Surg 2003;11:268-76.



1. Muscle

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

van den Brand JG, Nelson T, Verleisdonk EJ, et al. The diag-
nostic value of intracompartmental pressure measurement,
magnetic resonance imaging, and near-infrared spectroscopy in
chronic exertional compartment syndrome: a prospective study
in 50 patients. Am J Sports Med 2005;33:699-704.

Eskelin MK, Lotjonen JM, Mantysaari MJ. Chronic exertional
compartment syndrome: MR imaging at 0.1 T compared with
tissue pressure measurement. Radiology 1998;206:333-7.
Kumar PR, Jenkins JP, Hodgson SP. Bilateral chronic exer-
tional compartment syndrome of the dorsal part of the forearm:
the role of magnetic resonance imaging in diagnosis: a case
report. J Bone Joint Surg Am 2003;85-A:1557-9.

Rominger MB, Lukosch CJ, Bachmann GF. MR imaging of
compartment syndrome of the lower leg: a case control study.
Eur Radiol 2004;14:1432-9.

Verleisdonk EJ, van Gils A, van der Werken C. The diagnostic value
of MRI scans for the diagnosis of chronic exertional compartment
syndrome of the lower leg. Skeletal Radiol 2001;30:321-5.

Omar HA, Helms, CA, Bytomski J, et al. The role of MRI in
the diagnosis of chronic exertional compartment syndrome.
AJR 2006;186(suppl):A125(abst).

Kiuru MJ, Mantysaari MJ, Pihlajamaki HK, et al. Evaluation of
stress-related anterior lower leg pain with magnetic resonance
imaging and intracompartmental pressure measurement. Mil
Med 2003;168:48-52.

Melli G, Chaudhry V, Cornblath DR. Rhabdomyolysis: an
evaluation of 475 hospitalized patients. Medicine (Baltimore)
2005;84:377-85.

Krivickas LS. Recurrent rhabdomyolysis in a collegiate athlete:
a case report. Med Sci Sports Exerc 2006;38:407-10.

Sheth NP, Sennett B, Berns JS. Rhabdomyolysis and acute
renal failure following arthroscopic knee surgery in a college
football player taking creatine supplements. Clin Nephrol
2006;65:134-7.

Clarkson PM. Case report of exertional rhabdomyolysis in a
12-year-old boy. Med Sci Sports Exerc 2006;38:197-200.
Moghtader J, Brady WJ Jr, Bonadio W. Exertional rhabdomyoly-
sis in an adolescent athlete. Pediatr Emerg Care 1997;13:382-5.
Goubier JN, Hoffman OS, Oberlin C. Exertion induced rhab-
domyolysis of the long head of the triceps. Br J Sports Med
2002;36:150-1.

Lamminen AE, Hekali PE, Tiula E, et al. Acute rhabdomy-
olysis: evaluation with magnetic resonance imaging compared
with computed tomography and ultrasonography. Br J Radiol
1989;62:326-30.

Shintani S, Shiigai T. Repeat MRI in acute rhabdomyolysis:
correlation with clinicopathological findings. J Comput Assist
Tomogr 1993;17:786-91.

Elsayes KM, Shariff A, Staveteig PT, et al. Value of magnetic
resonance imaging for muscle denervation syndromes of the
shoulder girdle. J] Comput Assist Tomogr 2005;29:326-9.
Moore KR, Tsuruda JS, Dailey AT. The value of MR neurogra-
phy for evaluating extraspinal neuropathic leg pain: a pictorial
essay. AJNR Am J Neuroradiol 2001;22:786-94.

Bendszus M, Wessig C, Reiners K, et al. MR imaging in the
differential diagnosis of neurogenic foot drop. AINR Am J
Neuroradiol 2003;24:1283-9.

Filler AG, Maravilla KR, Tsuruda JS. MR neurography and mus-
cle MR imaging for image diagnosis of disorders affecting the
peripheral nerves and musculature. Neurol Clin 2004;22:643-82.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

41

Filler AG, Haynes J, Jordan SE, et al. Sciatica of nondisc ori-
gin and piriformis syndrome: diagnosis by magnetic resonance
neurography and interventional magnetic resonance imaging
with outcome study of resulting treatment. J Neurosurg Spine
2005;2:99-115.

Fritz RC, Boutin RD. Magnetic resonance imaging of the
peripheral nervous system. Phys Med Rehabil Clin North Am
2001;12:399-432.

Kikuchi Y, Nakamura T, Takayama S, et al. MR imaging in
the diagnosis of denervated and reinnervated skeletal muscles:
experimental study in rats. Radiology 2003;229:861-7.
Wessig C, Koltzenburg M, Reiners K, et al. Muscle magnetic
resonance imaging of denervation and reinnervation: cor-
relation with electrophysiology and histology. Exp Neurol
2004;185:254-61.

Raphael DT, Mclntee D, Tsuruda JS, et al. Frontal slab com-
posite magnetic resonance neurography of the brachial plexus:
implications for infraclavicular block approaches. Anesthesiol-
ogy 2005;103:1218-24.

Aagaard BD, Lazar DA, Lankerovich L, et al. High-resolu-
tion magnetic resonance imaging is a noninvasive method of
observing injury and recovery in the peripheral nervous system.
Neurosurgery 2003;53:199-203.

Bendszus M, Wessig C, Solymosi L, et al. MRI of peripheral
nerve degeneration and regeneration: correlation with electro-
physiology and histology. Exp Neurol 2004;188:171-7.

De Beuckeleer L, Vanhoenacker F, De Schepper A Jr, et al.
Hypertrophy and pseudohypertrophy of the lower leg following
chronic radiculopathy and neuropathy: imaging findings in two
patients. Skeletal Radiol 1999;28:229-32.

Ilaslan H, Wenger DE, Shives TC, et al. Unilateral hypertro-
phy of tensor fascia lata: a soft tissue tumor simulator. Skeletal
Radiol 2003;32:628-32.

de Visser M, Verbeeten B Jr, Lyppens KC. Pseudohypertro-
phy of the calf following S1 radiculopathy. Neuroradiology
1986;28:279-80.

Drozdowski W, Dzieciol J. Neurogenic muscle hypertrophy in
radiculopathy. Acta Neurol Scand 1994;89:464-8.

Petersilge CA, Pathria MN, Gentili A, et al. Denervation
hypertrophy of muscle: MR features. ] Comput Assist Tomogr
1995;19:596-600.

May DA, Disler DG, Jones EA, et al. Abnormal signal intensity
in skeletal muscle at MR imaging: patterns, pearls, and pitfalls.
Radiographics 2000;20:S295-315.

Khalid M, Brannigan A, Burke T. Calf muscle wasting after
tibial shaft fracture. Br J Sports Med 2006;40:552-3.

Gerber C, Meyer DC, Schneeberger AG, et al. Effect of tendon
release and delayed repair on the structure of the muscles of the
rotator cuff: an experimental study in sheep. J Bone Joint Surg
Am 2004;86-A:1973-82.

Meyer DC, Pirkl C, Pfirrmann CW, et al. Asymmetric atrophy
of the supraspinatus muscle following tendon tear. J Orthop
Res 2005;23:254-8.

Safran O, Derwin KA, Powell K, et al. Changes in rotator
cuff muscle volume, fat content, and passive mechanics after
chronic detachment in a canine model. J Bone Joint Surg Am
2005;87:2662-70.

Noonan TJ, Best TM, Seaber AV, Garrett WE Jr. Thermal
effects on skeletal muscle tensile behavior. Am J Sports Med
1993;21:517-22.



42

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

Garrett WE Jr. Muscle strain injuries: clinical and basic aspects.
Med Sci Sports Exerc 1990;22:436-43.

Steinbach LS, Fleckenstein JL, Mink JH. Magnetic resonance
imaging of muscle injuries. Orthopedics 1994;17:991-9.
Arrington ED, Miller MD. Skeletal muscle injuries. Orthop
Clin North Am 1995;26:411-22.

De Marchi A, Robba T, Ferrarese E, Faletti C. Imaging in
musculoskeletal injuries: state of the art. Radiol Med (Torino)
2005;110:115-31.

Boutin RD, Fritz RC, Steinbach LS. Imaging of sports-related
muscle injuries. Radiol Clin North Am 2002;40:333-62,vii.
Bencardino JT, et al. Traumatic musculotendinous inju-
ries of the knee: diagnosis with MR imaging. Radiographics
2000;20(Spec No):S103-20.

Clanton TO, Coupe KJ. Hamstring strains in athletes: diagnosis
and treatment. J Am Acad Orthop Surg 1998;6:237-48.
Jarvinen TA, Jarvinen TL, Kaariainen M, Kalimo H, Jarvinen
M. Muscle injuries: biology and treatment. Am J Sports Med
2005;33:745-64.

Nguyen B, Brandser E, Rubin DA. Pains, strains, and fascicula-
tions: lower extremity muscle disorders. Magn Reson Imaging
Clin North Am 2000;8:391-408.

Taylor DC, Dalton JD Jr, Seaber AV, Garrett WE Jr. Experimental
muscle strain injury. Early functional and structural deficits and
the increased risk for reinjury. Am J Sports Med 1993;21:1904.
Mair SD, Seaber AV, Glisson RR, Garrett WE Jr. The role of
fatigue in susceptibility to acute muscle strain injury. Am J
Sports Med 1996;24:137-43.

Safran MR, Garrett WE Jr, Seaber AV, Glisson RR, Ribbeck
BM. The role of warmup in muscular injury prevention. Am J
Sports Med 1988;16:123-9.

Forster BB, Khan KM. A practical approach to magnetic reso-
nance imaging of normal and injured tendons: pictorial essay.
Can Assoc Radiol J 2003;54:211-20.

Noonan TJ, Garrett WE Jr. Muscle strain injury: diagnosis and
treatment. J] Am Acad Orthop Surg 1999;7:262-9.

Connell DA, et al. Longitudinal study comparing sonographic
and MRI assessments of acute and healing hamstring injuries.
AJR Am J Roentgenol 2004;183:975-84.

Gibbs NJ, Cross TM, Cameron M, Houang MT. The accuracy
of MRI in predicting recovery and recurrence of acute grade
one hamstring muscle strains within the same season in Austra-
lian Rules football players. J Sci Med Sport 2004;7:248-58.
Schneider-Kolsky ME, Hoving JL, Warren P, Connell D. A. A
Comparison Between Clinical Assessment and Magnetic Reso-
nance Imaging of Acute Hamstring Injuries. Am J Sports Med
2006;34:1008-15.

Orchard J, Best TM, Verrall GM. Return to play following mus-
cle strains. Clin J Sport Med 2005;15:436-41.

O’Donoghue D. Injuries of the leg. In: Treatment of Injuries to
Athletes. Philadelphia: WB Saunders, 1984 pp. 586—600.
Jarvinen MJ, Lehto MU. The effects of early mobilisation and
immobilisation on the healing process following muscle inju-
ries. Sports Med 1993;15:78-89.

Bleakley C, McDonough S, MacAuley D. The use of ice
in the treatment of acute soft-tissue injury: a systematic
review of randomized controlled trials. Am J Sports Med
2004;32:251-61.

Thorsson O, Lilja B, Nilsson P, Westlin N. Immediate exter-
nal compression in the management of an acute muscle injury.
Scand J Med Sci Sports 1997;7:182-90.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

B. Orthopedic Perspective: Muscle and Tendon Disease

Mishra DK, Friden J, Schmitz MC, Lieber RL. Anti-inflammatory
medication after muscle injury. A treatment resulting in short-
term improvement but subsequent loss of muscle function.
J Bone Joint Surg Am 1995;77:1510-9.

Obremsky WT, Seaber AV, Ribbeck BM, Garrett WE Jr. Bio-
mechanical and histologic assessment of a controlled mus-
cle strain injury treated with piroxicam. Am J Sports Med
1994;22:558-61.

Thorsson O, Rantanen J, Hurme T, Kalimo H. Effects of
nonsteroidal antiinflammatory medication on satellite cell
proliferation during muscle regeneration. Am J Sports Med
1998;26:172-6.

Reynolds JF, Noakes TD, Schwellnus MP, Windt A, Bower-
bank P. Non-steroidal anti-inflammatory drugs fail to enhance
healing of acute hamstring injuries treated with physiotherapy.
S Afr Med J 1995;85:517-22.

Rantanen J, Thorsson O, Wollmer P, Hurme T, Kalimo H.
Effects of therapeutic ultrasound on the regeneration of skeletal
myofibers after experimental muscle injury. Am J Sports Med
1999;27:54-9.

Best TM, Loitz-Ramage B, Corr DT, Vanderby R. Hyperbaric
oxygen in the treatment of acute muscle stretch injuries. Results
in an animal model. Am J Sports Med 1998;26:367-72.
Almekinders LC. Results of surgical repair versus splint-
ing of experimentally transected muscle. J Orthop Trauma
1991;5:173-6.

Mitchell B. Efficacy of thigh protectors in preventing thigh
haematomas. J Sci Med Sport 2000;3:30—4.

Jackson DW, Feagin JA. Quadriceps contusions in young ath-
letes. Relation of severity of injury to treatment and prognosis.
J Bone Joint Surg Am 1973;55:95-105.

Ryan JB, Wheeler JH, Hopkinson W1J, Arciero RA, Kolakowski
KR. Quadriceps contusions. West Point update. Am J Sports
Med 1991;19:299-304.

Jarvinen M, Lehto M, Sorvari T, et al. Effect of some anti-
inflammatory agents on the healing of ruptured muscle:
an experimental study in rats. J Sports Traumatol Rel Res
1992;14:19-28.

Beiner JM, Jokl P, Cholewicki J, Panjabi MM. The effect of
anabolic steroids and corticosteroids on healing of muscle con-
tusion injury. Am J Sports Med 1999;27:2-9.

Bonsell S, Freudigman PT, Moore HA. Quadriceps muscle contu-
sion resulting in osteomyelitis of the femur in a high school foot-
ball player. A case report. Am J Sports Med 2001;29:818-20.
Knochel JP. Exertional rhabdomyolysis. N Engl J Med
1972;287:927-9.

Walsworth M, Kessler T. Diagnosing exertional rhabdo-
myolysis: a brief review and report of two cases. Mil Med
2001;166:275-7.

Hamer R. When exercise goes awry: exertional rhabdomyoly-
sis. South Med J 1997;90:548-51.

Lamminen AE, Hekali PE, Tiula E, Suramo I, Korhola O. A.
Acute rhabdomyolysis: evaluation with magnetic resonance
imaging compared with computed tomography and ultrasonog-
raphy. Br J Radiol 1989;62:326-30.

Stock KW, Helwig A. MRI of acute exertional rhabdomyoly-
sis—in the paraspinal compartment. J] Comput Assist Tomogr
1996;20:834-6.

Nakahara K, et al. The value of computed tomography and
magnetic resonance imaging to diagnose rhabdomyolysis in
acute renal failure. Nephrol Dial Transplant 1999;14:1564-7.



1. Muscle

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

Better OS, Rubinstein I, Winaver JM, Knochel JP. Man-
nitol therapy revisited (1940-1997). Kidney Int 1997;52:
886-94.

Homsi E, Barreiro MF, Orlando JM, Higa EM. Prophylaxis of
acute renal failure in patients with rhabdomyolysis. Ren Fail
1997;19:283-8.

Sauret JM, Marinides G, Wang GK. Rhabdomyolysis. Am Fam
Physician 2002;65:907-12.

McHale KA, Geissele A, Perlik PD. Compartment syndrome of
the biceps brachii compartment following rupture of the long
head of the biceps. Orthopedics 1991;14:787-8.

Mubarak SJ, Pedowitz RA, Hargens AR. Compartment syn-
dromes. Curr Orthop 1989;3:36—40.

Robinson D, On E, Halperin N. Anterior compartment syn-
drome of the thigh in athletes—indications for conservative
treatment. J Trauma 1992;32:183-6.

Cheung K, Hume P, Maxwell L. Delayed onset muscle sore-
ness: treatment strategies and performance factors. Sports Med
2003;33:145-64.

Clarkson PM, Hubal MJ. Exercise-induced muscle damage in
humans. Am J Phys Med Rehabil 2002;81:S52-69.

Shellock F, Fleckenstein J. Magnetic Resonance of muscle inju-
ries. 2" Ed. Philadelphia: Lippincott-Raven, 1997:1341-62.
Cannavino CR, Abrams J, Palinkas LA, Saglimbeni A, Bracker
MD. Efficacy of transdermal ketoprofen for delayed onset mus-
cle soreness. Clin J Sport Med 2003;13:200-8.

Nurenberg P, et al. MR imaging-guided muscle biopsy for cor-
relation of increased signal intensity with ultrastructural change
and delayed-onset muscle soreness after exercise. Radiology
1992;184:865-9.

Best TM. Muscle injury in athletes. In: Preedy V, Peters T, eds.
Skeletal Muscle: Pathology, Diagnosis and Management of
Disease. London: Greenwich Medical Media, 2002:49-60.
Paddon-Jones DJ, Quigley BM. Effect of cryotherapy on mus-
cle soreness and strength following eccentric exercise. Int J
Sports Med 1997;18:588-93.

Kraemer WJ, et al. Influence of compression therapy on symp-
toms following soft tissue injury from maximal eccentric exer-
cise. J Orthop Sports Phys Ther 2001;31:282-90.

Chleboun GS, et al. Intermittent pneumatic compression effect
on eccentric exercise-induced swelling, stiffness, and strength
loss. Arch Phys Med Rehabil 1995;76:744-9.

Dudley GA, et al. Efficacy of naproxen sodium for exercise-
induced dysfunction muscle injury and soreness. Clin J Sport
Med 1997;7:3-10.

Lecomte JM, Lacroix VJ, Montgomery DL. A randomized con-
trolled trial of the effect of naproxen on delayed onset muscle
soreness and muscle strength. Clin J Sport Med 1998;8:82-87.
Tokmakidis SP, Kokkinidis EA, Smilios I, Douda H. The
effects of ibuprofen on delayed muscle soreness and muscu-
lar performance after eccentric exercise. J Strength Cond Res
2003;17:53-59.

Bourgeois J, MacDougall D, MacDonald J, Tarnopolsky M.
Naproxen does not alter indices of muscle damage in resistance-
exercise trained men. Med Sci Sports Exerc 1999;31:4-9.
0O’Grady M, et al. Diclofenac sodium (Voltaren) reduced exer-
cise-induced injury in human skeletal muscle. Med Sci Sports
Exerc 2000;32:1191-1196.

Denegar R, Huff C. High and low frequency TENS in the
treatment of induced musculoskeletal pain: a comparison
study. J Athl Train 1988;23:235-237.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

43

Craig JA, Cunningham MB, Walsh DM, Baxter GD, Allen JM.
Lack of effect of transcutaneous electrical nerve stimulation
upon experimentally induced delayed onset muscle soreness in
humans. Pain 1996;67:285-289.

Hilbert JE, Sforzo GA, Swensen T. The effects of massage on
delayed onset muscle soreness. Br J Sports Med 2003;37:72-75.
Bennett M, Best TM, Babul S, Taunton J, Lepawsky M. Hyperbaric
oxygen therapy for delayed onset muscle soreness and closed soft
tissue injury. Cochrane Database Syst Rev 2005, Article number
CD004713.

Jayaraman RC, et al. MRI evaluation of topical heat and static
stretching as therapeutic modalities for the treatment of eccen-
tric exercise-induced muscle damage. Eur J Appl Physiol
2004;93:30-38.

Byrnes WC, et al. Delayed onset muscle soreness follow-
ing repeated bouts of downhill running. J Appl Physiol
1985;59:710-715.

Amendola A, et al. The use of magnetic resonance imaging in exer-
tional compartment syndromes. Am J Sports Med 1990;18:29-34.
Shah SN, Miller BS, Kuhn JE. Chronic exertional compartment
syndrome. Am J Orthop 2004;33:335-341.

Trease L, et al. A prospective blinded evaluation of exercise
thallium-201 SPET in patients with suspected chronic exer-
tional compartment syndrome of the leg. Eur J Nucl Med
2001;28:688-695.

Pedowitz RA, Hargens AR, Mubarak SJ, Gershuni DH. Modi-
fied criteria for the objective diagnosis of chronic compartment
syndrome of the leg. Am J Sports Med 1990;18:35-40.

van den Brand JG, Nelson T, Verleisdonk EJ, van der Werken C.
The diagnostic value of intracompartmental pressure measure-
ment, magnetic resonance imaging, and near-infrared spectros-
copy in chronic exertional compartment syndrome: a prospective
study in 50 patients. Am J Sports Med 2005;33:699-704.
Detmer DE, Sharpe K, Sufit RL, Girdley FM. Chronic com-
partment syndrome: diagnosis, management, and outcomes.
Am J Sports Med 1985;13:162-170.

Verleisdonk EJ, Schmitz RF, van der Werken C. Long-term
results of fasciotomy of the anterior compartment in patients
with exercise-induced pain in the lower leg. Int J Sports Med
2004;25:224-229.

Kneeland JP. MR imaging of muscle and tendon injury. Eur J
Radiol 1997;25:198-208.

Maffulli N, Wong J, Almekinders LC. Types and epidemiology
of tendinopathy. Clin Sports Med 2003;22:675-692.

Khan KM, et al. Patellar tendinosis (jumper’s knee): find-
ings at histopathologic examination, US, and MR imaging.
Victorian Institute of Sport Tendon Study Group. Radiology
1996;200:821-827.

Davies SG, Baudouin CJ, King JB, Perry JD. Ultrasound, com-
puted tomography and magnetic resonance imaging in patellar
tendinitis. Clin Radiol 1991;43:52-56.

Yu JS, Popp JE, Kaeding CC, Lucas J. Correlation of MR
imaging and pathologic findings in athletes undergoing sur-
gery for chronic patellar tendinitis. AJR Am J Roentgenol
1995;165:115-118.

Potter HG, et al. Lateral epicondylitis: correlation of MR
imaging, surgical, and histopathologic findings. Radiology
1995;196:43-46.

Green S, et al. Non-steroidal anti-inflammatory drugs (NSAIDs)
for treating lateral elbow pain in adults. Cochrane Database
Syst Rev 2002;2:CD003686.



44

312.

313.

314.

315.

316.

Buchbinder R, Green S, Youd JM. Corticosteroid injections for
shoulder pain. Cochrane Database Syst Rev 2003;1:CD004016.
Smidt N, et al. Corticosteroid injections for lateral epicondyli-
tis: a systematic review. Pain 2002;96:23—-40.

Brosseau L, et al. Deep transverse friction massage for treating
tendinitis. Cochrane Database Syst Rev 2002;4:CD003528.
Struijs PA, et al. Orthotic devices for tennis elbow. Cochrane
Database Syst Rev 2001;2:CD001821.

Green S, et al. Acupuncture for lateral elbow pain. Cochrane
Database Syst Rev 2001;1:CD003527.

317.

318.

319.

320.

321.

B. Orthopedic Perspective: Muscle and Tendon Disease

Buchbinder R, et al. Shock wave therapy for lateral elbow pain.
Cochrane Database Syst Rev 2005;4:CD003524.

Buchbinder R, et al. Surgery for lateral elbow pain. Cochrane
Database Syst Rev 2002;1:CD003525.

Beiner JM, Jokl P. Muscle contusion injury and myositis ossificans
traumatica. Clin Orthop Relat Res 2002;403(suppl):S110-119.
Shehab D, Elgazzar AH, Collier BD. Heterotopic ossification.
J Nucl Med 2002;43:346-353.

Noonan TJ, Garrett WE Jr. Muscle injury of the posterior leg.
Foot Ankle Clin 1997;2:457-471.



2
Cartilage

A. Radiologic Perspective: Magnetic Resonance Imaging of Articular
Cartilage—Conventional and Novel Imaging Techniques

Hamid Torshizy, Garry E. Gold, and Christine B. Chung

Traditionally, articular or hyaline cartilage has been described
as a glistening layer of connective tissue that covers the articu-
lar surface of bones, acting mainly as a “shock absorber” for
the lower extremity. This perception underscores the structural
intricacy and functional importance of this tissue. Articular
cartilage is a complex and dynamic tissue with unique proper-
ties and matrix constituents that are essential for normal joint
function. Injuries and degenerative changes of articular carti-
lage result in significant morbidity and a diminished quality
of life." Advances in basic science research, novel therapeu-
tic interventions, and imaging techniques have reaffirmed the
pivotal importance of articular cartilage, and has changed the
way we think about it and the various entities affecting it.

A vast spectrum of different pathophysiologic processes,
including trauma, inflammatory arthritis, and primary osteo-
arthritis, are responsible for the irreversible loss of hyaline
cartilage. However, the most common cause is osteoarthritis
(OA), either of a degenerative primary etiology or secondary
to trauma.’

Osteoarthritis

Osteoarthritis is an irreversible and chronic degenerative dis-
order of the joints characterized by gradual loss of hyaline
cartilage and accompanying joint pain and dysfunction. It
afflicts more than 20 million people in the United States, 10%
of whom are adults over the age of 50.* It has been reported
that nearly 2.0% of women and 1.4% of men per year develop
radiographic signs of OA, though generally half of these cases
lead to symptomatic disease.* In addition to being a leading
cause of disability and dysfunction among the elderly, it is
second only to heart disease as the leading cause of work dis-
ability.>® This major public health issue is sure to increase fur-
ther in our aging society.

The direct traditional medical costs and indirect economic
and wage loss from arthritis in the United States are astound-
ing, reaching in excess of $65 billion annually.’ In fact, the
total cost for arthritis, including OA, has been estimated to be

over 2% of the United States gross domestic product.”® While
staggering amounts of money and resources are directed
toward OA health care and research annually, the exact etiol-
ogy of this important disease entity remains elusive. Osteoar-
thritis has long been considered the result of age or trauma. It
is now thought that the etiology of OA is multifaceted, with
mechanical, biomechanical, genetic, and various enzymatic
factors implicated.

Assessment of cartilage injuries and osteoarthritis generally
includes clinical, radiographic, and arthroscopic evaluation.
Given that symptoms often do not parallel articular cartilage
damage, clinical assessment can offer limited information
about the integrity of articular cartilage.® In addition, radio-
graphs mostly provide indirect and often inaccurate informa-
tion regarding the integrity of articular cartilage, as evaluation
of cartilaginous abnormalities is based on the severity of joint
space narrowing.”!”

Arthroscopy is, and continues to be, the gold standard for
diagnosing and monitoring the evaluation of cartilage dam-
age and repair, as it allows direct visualization of the surface
of cartilage. While arthroscopy is valued for the detection of
gross morphologic defects such as surface irregularities and
partial- and full-thickness defects, it does have deficiencies
in the global evaluation of cartilage, specifically with regard
to identification and characterization of less severe lesions.
In this context, a complementary means of assessment is
required which would (1) permit visualization of internal or
mid-substance cartilage abnormalities,'"'> (2) allow assess-
ment of cartilage thickness, (3) provide an easily quantifiable
or reproducible measure of overall severity of cartilage loss
often needed for therapeutic interventions," and (4) prove
noninvasive and cost-effective. These qualities are afforded
by imaging." %15

Several imaging modalities exist for the evaluation of car-
tilage. Until recently, the limited capabilities of these vari-
ous techniques in directly assessing the integrity of articular
cartilage have limited the use of imaging in the assessment,
diagnosis, and workup of articular cartilage pathology. How-
ever, magnetic resonance imaging (MRI) has emerged as the
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method of choice for the detection of cartilage abnormalities,
such as OA, and for cartilage repair procedures.'*> To bet-
ter understand the magnetic resonance (MR) appearance of
articular cartilage, a discussion of its structure is necessary.

This chapter discusses the structure of articular cartilage,
conventional MRI sequences and advances in MRI techniques
used for the evaluation of both normal and abnormal articu-
lar cartilage, and imaging of surgical repair mechanisms of
articular cartilage.

Structure and Function

Hyaline cartilage is an avascular, alymphatic, and aneural tissue
with an extremely poor regenerative capacity. In general, it
varies in thickness across different articulating surfaces, rang-
ing from 1 to 7mm in thickness with an average thickness of
2 to 3mm.?® The main function of cartilage is biomechanical
in nature, and includes transmission and distribution of high
loads with the ability to undergo reverse deformation, mainte-
nance of contact stresses at acceptably low levels, promotion of
a low-friction environment for movement at joints, and shock
absorption.”’” Such versatility is a reflection of the complex and
intricate organization of hyaline cartilage on a molecular level.

Articular cartilage is predominately composed of an extra-
cellular matrix, which is composed primarily of type II col-
lagen, water, large aggregating proteoglycans, and a relatively
small number of chondrocytes.?*=! In addition, other proteins,
lipids, phospholipids, and various other collagens account for
a minor component of its composition® (Table 2.1). Of note,
the distribution of these components has been shown to vary
not only across different joints, but also geographically within
articular cartilage itself. They have also been shown to vary as
a function of age.*

Chondrocytes are the major cellular component of hyaline
cartilage, accounting for about 5% of the wet weight of hya-
line cartilage.?® Lacking direct cell-to-cell contact, each chon-
drocyte is separated from one another and from vascular and
nervous systems, and thus must rely on diffusion of synovial
fluids for nutrients.’! During activities of loading and unload-
ing, fluid is pumped into and out of cartilage, facilitating such
diffusion.?® Importantly, chondrocytes function to remodel the
extracellular matrix through various catabolic and anabolic
events. As a result, they are responsible for maintaining the
structural and functional integrity of articular cartilage, as
well as preserving its resilience.> Chondrocytes have limited

TaBLE 2.1. Components of cartilage.

Water

Chondrocytes

Collagen (primarily type II)
Hyaluronic acid
Glycosaminoglycans and aggrecans
Small proteoglycans

ability to replicate and regenerate, an important consideration
for patients afflicted with cartilage loss.!

The extracellular matrix (ECM) of hyaline cartilage is a
highly ordered structure composed predominately of water,
collagen, and proteoglycans. Water is the most abundant com-
ponent of the ECM, making up approximately 60% to 80%
of the total weight.**3> The majority of water is held in place
within the interstitial intrafibrillar space, located between the
collagen-proteoglycan solid matrix, and is reversibly bound
by negative charges on proteoglycans.?® Water content is asso-
ciated with various forces (discussed later) that are generated
by negative charges and hydroxyl groups on the proteogly-
cans.*® Water plays a pivotal role in the biomechanical prop-
erties of articular cartilage, providing hydraulic pressure that
protects the structural integrity of cartilage under high loads
and forces. In addition, it provides the ECM with its visco-
elastic properties, ability to dissipate loads, and its reversible
deformability properties.?®

Proteoglycans are the third largest component of the ECM,
constituting approximately 30% of the dry weight of the
ECM.*37 They consist of a central core protein substituted
with many hydroxyl groups and fixed, negatively charged
carboxyl and sulfate groups attached to glycosaminoglycan
(GAGQG) side chains. Further, proteoglycans are noncovalently
bound to hyaluronic acid via link proteins, forming larger pro-
teoglycan aggregates. Such tight packing and folding renders
them relatively immobile within the collagen fibril meshwork,
while at the same time producing electrostatic repulsion.!>*?
Collectively, these factors act to attract cations (mostly
sodium) and result in net osmotic, ionic, and Donnan forces
that attract water, generating a “swelling pressure” that allows
cartilage to resist compression.?*?

Collagen is the second largest component of the ECM, con-
stituting approximately 60% of the dry weight.*!** The major-
ity of collagen in articular cartilage is type II, lining the surface
of cartilage and creating a relatively impermeable membrane.*
Different types of collagen serve to cross-link collagen fibrils,
connect the collagen meshwork with proteoglycan aggregates,
and facilitate communication between the ECM and chondro-
cytes.*¥ This key interaction between collagen fibrils and
proteoglycan aggregates creates a fiber-reinforced compos-
ite solid matrix that strengthens the structural framework of
articular cartilage, while also providing tensional stability.?*
Collectively, the collagen meshwork acts to resist the “swell-
ing pressure” mentioned earlier. Importantly, cartilage is not a
uniform tissue. Across its thickness, from surface to subchon-
dral bone, variations exist in its composition, organization,
and mechanical properties.?

Classically, articular cartilage is structurally and function-
ally subdivided into four different histologic zones: (1) super-
ficial or tangential zone; (2) middle or transitional zone; (3)
deep or radial zone; and (4) the deepest zone, a zone of calci-
fied cartilage (Fig. 2.1).

Apart from the depth at which they occur, variations in
the orientation of the type II collagen fibrils have also been
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SuperficialTangential 30 -40
msec

40-50 msec
Middle/Transitional
Deep/Radial (Long T2)

4 - 10 msec
Deep/Radial (Short T2) 1 msec
Calcified

FiG. 2.1. Diagram of the structure of articular cartilage. Arcades of collagen fibers (curved arrows) cross each other and are anchored in the
subchondral bone (short black arrows) forming the extracellular matrix of cartilage. Large negatively charged macromolecules (glycosami-
noglycans) (long white arrows) reside within the matrix. The four basic zones of cartilage include the superficial or tangential zone (white
asterisks), the middle or transitional zone, the deep or radial zone, and the calcified layer of cartilage (black asterisks). The junction between
the deep zone and that of calcified cartilage is denoted by the tidemark (white arrowheads). As noted, there is a zonal variation in T2 values
with an order of magnitude of difference between the more superficial layers and the deeper radial and calcified layers.

used to categorize these zones. Of note, the various patterns
of collagen fibrils in each zone are well suited to parallel the
functional requirements of cartilage. For the purpose of this
discussion these zones are discussed as separate entities; real-
istically, however, it is useful to think about these zones as
gradual, continuous changes rather than discrete demarcated
regions. In the following discussion, each zone is discussed
separately in detail.

The superficial or tangential zone is the articulating sur-
face (Fig. 2.1). It comprises approximately 10% to 20% of
the articular cartilage thickness.”® And while it has the high-
est collagen content, the collagen fibrils and chondrocytes
are aligned parallel to the articular surface in a more highly
ordered and dense fashion compared to deeper levels.*® Chon-
drocytes in this layer are elongated or ellipsoid in appear-
ance and express proteins, such as superficial zone protein
(SZP), which lubricate the surface and provide a smooth
gliding surface at the joint articulation as well as resist shear
stresses.?®324! While the proteoglycan concentration is rela-
tively low, the water concentration is high, resulting in a thin
layer of great tensile stiffness and strength, which further
limits tissue permeability.*>* In fact, this zone has the low-
est compressive modulus and deforms nearly 25 times more
than the middle zone.?®

Immediately beneath the superficial zone lies the middle or
transitional zone (Fig. 2.1). This zone is so named because it
represents a transition in morphology between the surface and
deep zones. It comprises approximately 40% to 60% of the
cartilage thickness.?®* The collagen fibrils are thicker, more
loosely packed, and are aligned in an oblique fashion to the
surface. It is this oblique orientation that is felt to be respon-
sible for resistance to shearing forces.?® At this level, the chon-

drocytes are rounder. This zone also has a higher compressive
modulus than the superficial zone.?

Immediately under the middle zone lies the deep or radial
zone, beneath which is the deepest zone or zone of calcified
cartilage (Fig. 2.1). Together, these two zones comprise nearly
50% of the cartilage thickness.* The deep or radial zone is an
uncalcified layer with collagen fibrils that are the thickest of
any level and that are oriented perpendicular to the surface.! Its
chondrocytes are arranged in a columnar-like fashion parallel-
ing collagen fibers. Furthermore, this zone contains the lowest
water and highest proteoglycan concentration, translating into
the highest compressive modulus of any zone. Immediately
beneath this zone is the deepest zone, a thin zone of calcified
cartilage that contains a relatively small number of chondro-
cytes and collagen fibrils that function to attach cartilage to the
underlying bone (Fig. 2.1).* The uncalcified radial zone is sep-
arated from the deeper zone of calcified cartilage by a tidemark,
a basophilic line that represents where calcification ceases and
where nonspecific tidemark molecule accumulate.*4548

It is not surprising that processes that lead to structural dam-
age of cartilage have altered biomechanical properties. Recent
advances in medical, pharmacologic, and surgical manage-
ment of chondral abnormalities has necessitated, and resulted
in, accompanying advances in noninvasive imaging methods
for evaluating and monitoring such changes.

Magnetic Resonance Imaging

Magnetic resonance imaging has emerged as the modality of
choice in evaluating chondral abnormalities. Given its superior
soft tissue contrast and multiplanar capabilities, it has revo-
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lutionized the evaluation of articular cartilage abnormalities,
while at the same time addressing several of the limitations of
arthroscopy. Magnetic resonance imaging (1) provides in vivo
morphologic information regarding thickness, volume, and
three-dimensional configuration of cartilage; (2) provides in
vivo biochemical information regarding collagen and extracel-
lular matrix composition of hyaline cartilage, including the free
water, proteoglycan, and sodium content; (3) is highly accurate
in measuring cartilage volume, providing a quantitative and
global marker for the progression of cartilage loss; (4) is non-
invasive in nature, allowing for serial assessment of articular
cartilage abnormalities without risk of injury and for follow-up
of abnormalities in order to determine the natural history of the
response to therapy; and (5) is cost-effective. 38450

The sheer complexity of the structure of articular cartilage
necessitates the use of different techniques for its global eval-
uation. Optimal imaging characterization of articular cartilage
necessitates the acquisition of images with high spatial reso-
lution and signal-to-noise ratio (SNR). Furthermore, careful
attention to MR acquisition parameters is necessary to ensure
optimal contrast differentiating articular cartilage, joint fluid,
and surrounding tissue structures. Limitations of MRI lie in
the detection of early degenerative changes in the cartilage,
changes that herald the presence of structural alteration at the
macromolecular level.>' While the emphasis to date has been
on morphologic evaluation of articular cartilagen novel MR
sequences will offer biochemical evaluation of cartilage com-
ponents including techniques that reflect collagen and pro-
teoglycan content. It is detection of abnormality at this level
that will ultimately further the understanding of the etiology
and progression of cartilage lesions, and begin an era of pre-
vention of osteoarthritis, rather than palliation. The ensuing
discussion focuses on the commonly used, existing MRI tech-
niques, as well as advances in MRI in the evaluation of both
normal articular detection and of lesion detection.

Conventional Magnetic Resonance Imaging
Techniques

Conventional MRI has proven both sensitive and specific
in the detection of chondral abnormalities, especially of
high-grade lesions."#>37 The MR classification system for
grading chondral abnormalities is based on commonly used
arthroscopic grading systems for cartilage lesions originally
proposed by Outerbridge and Noyes (Table 2.2).%%° The
Noyes system (not shown here) categorizes chondral lesions
according to their diameter, depth, and location. Lesions are
classified from 0% to 100% in severity, with healthy carti-
lage representing 100%. On the other hand, the Outerbridge
classification schema (Table 2.2) takes into account the depth
and size of the most severe chondral lesions.

Current MRI characterization of cartilage injury has
focused on recognition of defects with regions of cartilage
loss and gross morphologic alteration. In these regions of

TABLE 2.2. Magnetic resonance (MR) and modified outerbridge clas-
sification system of chondral abnormalities.

MR classification Modified outerbridge classification

Grade 0: Normal intact cartilage
Grade 1: Normal contour + abnormal
signal

Grade 0: Normal intact cartilage
Grade 1: Chondral softening; intact
surface; no other morphologic

defects

Grade 2: Superficial fibrillation,
fissuring, or ulceration involving
<50% of thickness

Grade 3: Partial-thickness defect:
fibrillation, fissuring, ulceration
of chondral flap involving =50%
but <100% of thickness

Grade 4: Full-thickness defect:
ulceration and bone exposure

Grade 2: Superficial fraying, erosion,
or ulceration of <50% of
thickness

Grade 3: Partial-thickness defect
of 250% and <100% of
thickness

Grade 4: Full-thickness cartilage loss

tissue loss, characterizations of morphologic alterations are
helpful in identifying the chronicity of lesions. Moreover,
locations of lesions can be precisely described, and can
help to determine stability, as well as etiology. Much less
attention has been paid to the quality of the intact underly-
ing cartilage itself. This is undoubtedly due in part to the
structural complexity of cartilage, as well as to limitations
in conventional imaging techniques in depicting intrasu-
bstance changes within these deeper zones of articular car-
tilage. Several novel imaging techniques, discussed later,
have allowed for detection of intrasubstance changes.

A multitude of different conventional pulse sequences are
used for optimal evaluation of articular cartilage and chon-
dral abnormalities (Table 2.3). These include T1-weighted
spin echo (T1W SE), T2-weighted spin echo (T2W SE), fast
spin echo (FSE), proton density, and fat-suppression tech-
niques. In addition, magnetic resonance arthrography (MRA),
computed tomography arthrography (CTA), and high field
strength techniques further enhance morphologic evaluation.
Currently there is no consensus on the single best articular
cartilage sequence. Thus far, T2ZW FSE, fat-suppressed T1-
weighted SE, three-dimensional (3D) spoiled gradient echo
(GRE), proton density, and 3D double echo steady state (3D-
DESS) sequences have demonstrated excellent sensitivity for
the detection of higher grade chondral lesions.

These sequences, however, provide limited information
regarding the biochemical and structural changes associated
with early chondral lesions (grade 1), changes that precede
gross morphologic changes.®

Numerous variations of these MR techniques exist, from
changes in imaging parameters to changes in acquisition
sequences. In addition, imaging protocols vary across institutions.
Often, the selection of particular sequences depends on multiple
factors, including clinicians’ preferences, potential strengths and
weaknesses of available vendor hardware platforms, and a host of
different patient factors. And while we acknowledge that various
other imaging sequences exist, the ensuing discussion focuses on
the above-mentioned common techniques.
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Grade detected

MR technique (Outerbridge modified) Morphology Advantages Disadvantages
TIW SE 2,34 + Bone—cartilage interface delineation ~ Cartilage-joint fluid delineation;
limited out-of-plane resolution
T2W SE 234 + “Arthrogram-like” effect; internal Decreased spatial resolution; poor
cartilage detail SNR; lack of cartilage
- subchondral bone delineation;
limited out-of-plane resolution
FSE 2,34 + Increased SNR and spatial resolution;  Limited out-of- plane resolution;
short imaging times; insensitivity blurring
to magnetic susceptibility artifacts;
simultaneous evaluation of other
soft tissue structures
Fat suppressed T1-weighted 2,34 + Thin sections; contrast at cartilage ~ Long acquisition time; susceptibility
3D SPGR surface; increased resolution; to metal artifact and truncation
superior in plane resolution; artifact
multiplanar reformatting capability
MRA 2,34 + Enhanced contrast between Invasive; time consuming
cartilage and joint fluid; optimal
visualization of the articular
surface contour
CTA 2,34 + Invasive; time-consuming; poor

T2 parameter mapping 1,234 -

soft tissue contrast
Quantitative assessment; assessment  Decreased SNR; time-consuming

of early degenerative changes

CTA, computed tomography arthrography; FSE, fast spin echo; MRA, magnetic resonance arthrography; SE, spin echo; SNR, signal-to-noise ratio; SPGR,

spoiled gradient echo; T1W, T1-weighted.

T1- and T2-Weighted Spin Echo Images

Intrinsic T1 and T2 relaxation times, reflections of local
tissue properties, can be used to evaluate cartilage. On T1-
weighted images, articular cartilage is homogeneous in
appearance with intermediate signal intensity near that of
muscle. While the dynamic range of contrast within car-
tilage is limited, the strength of this sequence lies in its
delineation and characterization of the interfaces of car-
tilage and bone (Table 2.3).59% Focal defects or chondral
lesions within cartilage are identified by areas of hypoin-
tensity, a loss of the sharp interface of the chondral sur-
face, frank defects within cartilage, or any combination of
these findings.% Limitations exist in the depiction of carti-
lage—joint fluid interfaces, making identification of surface
chondral abnormalities difficult.®® This is especially the
case in patients presenting with joint effusions. On TIW
SE images, cartilage is characterized by a homogeneous,
intermediate signal intensity that is isointense with muscle.
Though T1W SE images offer limited interpretation with
regard to articular cartilage, they may prove useful in the
evaluation of the cartilage—subchondral interface.
T2-weighted spin echo (T2W SE) sequences have long been
advocated in the assessment of cartilage, with a sensitivity of
48% to 100%, a specificity of 50% to 96%, and accuracy of

52% to 81% reported in studies of the patella.*®¢77° On T2W
SE images, articular cartilage has intermediate signal intensity,
which contrasts with the high signal intensity of joint fluid and
the low signal intensity of osseous cortex and fatty tissue.
T2-weighted SE sequences take advantage of the arthrogram-
like effect produced by the high signal intensity of joint fluid
and the intermediate signal intensity of articular cartilage (Table
2.3). Together, this results in disparity in contrast that facilitates
the accentuation of surface irregularities, such as fibrillation
and fissuring, as well as internal defects within cartilage itself,
which present as focal globular or linear regions of increased
signal intensity with a background of articular cartilage of inter-
mediate to low signal intensity.571-7

The disadvantages of this sequence include decreased spa-
tial resolution as compared to T1-weighted images, a lack
of contrast between cartilage and subchondral cortical bone,
insensitivity to the intrinsically short T2 relaxation time of
the zones of cartilage, and poor SNR.*! In addition, T2W SE
sequences are particularly susceptible to magic angle artifacts,
leading to pitfalls of cartilage imaging and distortion of the
zonal appearance of cartilage.*® The addition of fat suppres-
sion to T1- and T2-weighted imaging increases the accuracy
of cartilage evaluation and eliminates chemical shift arti-
facts. 6268
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Fast Spin Echo Imaging and Fat Suppressed
T1-Weighted Three-Dimensional Spoiled
Gradient-Echo Imaging

Two clinically useful sequences imaging tools for evaluating
chondral abnormalities include FSE and the fat-suppressed
T1-weighted 3D spoiled gradient echo (SPGR) sequence
(Figs. 2.2 and 2.3; Table 2.3).% The sensitivities and speci-
ficities of these acquisition techniques in detecting cartilage
abnormalities has been reported to be between 81% and 94%
and 94% and 99%, respectively.>347+78

Fast Spin-Echo Imaging

Fast spin-echo imaging is a technique that is essentially a
variant of spin-echo sequencing that incorporates the use of
multiple echoes per repetition time to acquire data faster than
conventional spin echo imaging (Fig. 2.2).

Fast spin-echo sequences have been advocated in the evalu-
ation of articular cartilage pathology because they provide effi-
ciency in image acquisition, along with an increase in the SNR
and hence an increase in spatial resolution. They also allow
for shorter image acquisition times (4 to 5 minutes), which

C
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FiG. 2.2. Axial images showing degrees of patella cartilage damage. (A) Axial intermediate-weighted fast spin-echo (FSE) image showing
superficial fibrillation and signal changes in the patellar cartilage (arrow). (B) Axial T2-weighted FSE image showing marrow edema at the
same location (arrow). (C) Axial intermediate-weighted FSE image showing fissuring involving approximately 50% of the thickness of the
cartilage. (D) Axial intermediate-weighted FSE image showing a full thickness cartilage fissure with bone marrow edema (arrow).
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Fi1G. 2.3. Sagittal three-dimensional (3D) spoiled gradient echo (GRE) images of the knee obtained without (A) and with (B) fat suppression. Use
of fat suppression or water-only excitation improves the dynamic range settings and allows demonstration of more detail in the cartilage.

can result in decreased patient discomfort and motion artifact
(increasing patient compliance), and also enable the simulta-
neous evaluation of other soft tissue structures (menisci, liga-
ments, and tendons).

In addition, FSE sequences are relatively insensitive to
magnetic susceptibility artifacts often encountered in patients
who have undergone previous arthroscopic surgery and liga-
mentous reconstruction.®® These artifacts, which are metallic
remnants arising from surgical instrumentation, result in loss
of cartilage signal and can obscure surrounding tissue signal
intensity and anatomy.? The afforded insensitivity to mag-
netic susceptibility is an added benefit of FSE imaging that
can provide the radiologist and surgeon with additional valu-
able information regarding prognosis and treatment options.
Importantly, FSE sequences introduce magnetization transfer
effect, which results in improved contrast between articular
cartilage and adjacent tissues, as well as between normal and
abnormal cartilage. The main limitation of FSE sequences is
that they are two-dimensional in nature and, as a result, have
limited out-of-plane resolution and limited capacity to per-
form multiplanar reconstructions, which are often vital in the
evaluation of the curved structure of articular cartilage.

Fat-Suppressed T1-Weighted Three-Dimensional
Spoiled Gradient Echo Sequences

Of the routinely available imaging techniques, the highest accuracy
for detection of chondral abnormalities have been reported
with fat-suppressed T1-weighted 3D SPGR sequences. 6368747678

The sensitivity of this imaging technique in detecting chondral
lesions has been reported to be as high as 93%."

On fat-suppressed T1-weighted 3D SPGR sequences, nor-
mal articular cartilage demonstrates uniform high signal inten-
sity throughout its thickness. Regions of altered morphology
represent chondral abnormalities.”””” (Fig. 2.3).

Several studies have described the improved detection of
articular cartilage lesions with fat-suppressed sequences in
comparison to comparable sequences without fat suppres-
sion.?® While T2 relaxation time is the major determinant of
contrast between cartilage and fluid, fat suppression functions
to increase contrast between cartilage (a non—lipid-containing
tissue) and fatty bone marrow or subcutaneous fat (lipid-con-
taining tissue). This is accomplished through the excitation
of fat spins with subsequent dephasing prior to imaging.*
On fat-suppressed images, cartilage demonstrates increased
signal intensity (appears bright). The addition of fat sup-
pression to T1-weighted imaging is useful in the evaluation
of cartilage abnormalities. By suppressing fat, the gray scale
of T1-weighted images is essentially “reset” to include a
much narrower range of values allowing more contrast across
the image, hence better delineation between cartilage and
synovial fluid.>' In addition, fat suppression also eliminates
chemical-shift artifacts, which often distort the cartilage bone
interface.””’

Fat suppressed T1-weighted 3D SPGR sequences combine
the aforementioned advantages of fat suppression with those
of 3D imaging, which include increased resolution, superior in
plane resolution, multiplanar reformatting capability, and small
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slice thickness.?® In addition they increase the dynamic range of
signal intensity of cartilage, allowing detection of more subtle
changes in signal intensity. However, T1-weighted 3D SPGR
sequences are more sensitive to magnetic susceptibility artifact
and have longer acquisition times than FSE sequences. In addi-
tion, truncation artifact is most evident with this sequence.’!
Although FSE and T1-weighted 3D SPGR sequences have
certain limitations, the advantages of one modality comple-
ment the disadvantages of the other, and vice versa. Thus, these
modalities should be used together in such a complementary
fashion when evaluating cartilage abnormalities.

Postarthrography Imaging
Magnetic Resonance Arthrography

Magnetic resonance arthrography has been advocated for the
diagnosis of grade 2 to 4 chondral lesions (Table 2.3). An
accuracy as high as 88% has been reported in the detection of
chondral abnormalities using MRA.* Such accuracy is pos-
sible due to the enhanced contrast MRA affords between car-
tilage and intraarticular MR contrast agents.567282

Most commonly, a prepared mixture of gadolinium-diethy-
lenetriamine pentaacetic acid (Gd-DTPA) agent diluted to
a | millimolar concentration with normal saline is directly
injected, under fluoroscopic guidance, into the joint articula-
tion. Subsequent MRI is performed using T1-weighted fat-
suppressed sequences. Postarthrography imaging capitalizes
on the general premise that leakage of the injected MR con-
trast agent into joint fluid creates distention of the articula-
tion, while at the same time filling cartilaginous defects and
providing high contrast between it and cartilage. As a result,
this allows optimal visualization of the articular surface con-
tour, improving detection of surface abnormalities, fissuring,
and tears. Also, MRA is useful for the evaluation of various
cartilage repair procedures.

When compared to other MR techniques, MRA has sig-
nificant disadvantages. It is an invasive procedure that car-
ries with it all the inherently associated risk factors of such a
procedure. Furthermore, it is more time-consuming than most
MRI techniques. Similar to other conventional MR techniques,
MRA is insensitive in depicting the earliest structural changes
of associated with grade 1 chondral lesions.

Computed Tomographic Arthrography

Similarly to MRA, CTA involves the intraarticular injection
of an iodine-based contrast agent under fluoroscopic guid-
ance, with subsequent imaging using dual detector spiral
scanners (Table 2.3). Articular cartilage represents a struc-
ture of low attenuation that is outlined by subchondral bone
plate on one end and the contrast media on the other. In a
study investigating cartilage defects within cadaveric knees,

lesions observed upon gross examination were detected on
CTA with a sensitivity of 80% and specificity of 88%. The
MR results were similar, with a sensitivity and specificity of
83% and 80%, respectively.®* The advantages of CT over MRI
include its superior spatial resolution, as well as its availabil-
ity for patients unable to undergo MRI studies (claustrophobic
patients, patients with pacemakers, etc.). Similarly to MRA,
CTA offers enhanced contrast between cartilage and joint
fluid, accentuating filling defects. Disadvantages include its
invasive nature and associated risks, as well as its relative poor
soft tissue contrast, which precludes evaluation of intrinsic
cartilage lesions. Similar to MRA, CTA is insensitive to early
structural changes that precede morphologic defects (grade 1
lesions) and to changes within deeper layers of cartilage in
which no surface abnormalities exist, thus relegating its evalu-
ation of cartilage to tissue loss.

Volume Measurements

Several studies have reported the use of 3D reconstruction as
a means of articular cartilage quantification and have deter-
mined that cartilage volumes can be determined with high
accuracy with MRI in large articulations. This process is lim-
ited by the fact that global cartilage volume is measured rather
than the cartilage defect in isolation. Cartilage thickness maps
can combat these difficulties, but are difficult to obtain due
to the small thickness of articular cartilage and the unavoid-
able mis-registration. Despite this, measurements of cartilage
thickness, topographic maps, and volume analysis can be per-
formed but require more facile and reproducible technique
before becoming widely clinically applicable.!*3

T2 Mapping

Mapping of physiologic parameters with MRI has emerged
as a promising means for the quantitative assessment of car-
tilage structure and function in both the normal and patho-
logic states. Unlike conventional MRI methods, mapping
techniques are sensitive to specific changes in structural and
biochemical composition of cartilage, thus enabling detec-
tion of the earliest chondral abnormalities. T2 mapping has
emerged as a widely used technique in the evaluation of early
compositional changes within the extracellular matrix (Table
2.3; Figs. 2.4 and 2.5).

It is proposed that collagen fatigue and breakdown are one
of the earliest events in the cascade events leading to the devel-
opment of OA.%# These events lead to a loss of the tightly
packed configuration of the ECM and subsequent increase
in cartilage water.®® An increase in water content leads to
increased compressibility of the matrix, with the majority of
the load placed upon the solid components of the ECM. Over
time, such increased stress leads to structural fatigue and frag-
mentation of the solid components of the ECM,¥ culminating
in visible changes such as partial-thickness defects (fissuring,



2. Cartilage

53

A

B

FiG. 2.4. Sagittal MR image and T2 map from a healthy volunteer. (A) Sagittal MR image shows the normal appearance of the medial
femorotibial compartment articular cartilage. (B) T2 relaxation times have been superimposed on the corresponding articular surfaces (with
grayscale display) and show that normal values range from 20 to 70 msec, with higher values located closer to the superficial cartilage surface.

fraying, and fibrillation) and full-thickness defects (Figs. 2.4
and 2.5). These changes result in accompanying changes in
T2 values. The T2 of articular cartilage has been shown to be
sensitive parameter for the evaluation of early abnormalities
within articular cartilage.®® The disruption of the structural
framework of collagen and the subsequent loss of tissue
anisotropy result in an increase in cartilage T2 values, a phe-
nomenon observed in human osteoarthritic specimens.®°
In addition, increases in T2 values have been observed with
increases in water content within human osteoarthritic speci-
mens,”** as well as with increases in water mobility that
occur with the loss of the structural framework of collagen.®
Of note, increases in T2 within the transitional zone have been
associated with aging.**

T2 mapping capitalizes on the above-mentioned changes in
T2 that occur in OA (Fig. 2.4). By measuring the spatial dis-
tribution of T2, itself a function of the intrinsic water content
of articular cartilage, T2 mapping detects areas with changes
in water content corresponding to areas of cartilage damage.”
Most commonly, a multiecho SE technique is used, acquiring
four to 12 images with echo time (TE) values ranging from
10 to 100ms. A standard survey of the entire region in ques-
tion is performed, with particular attention to areas of chon-
dral abnormality. An image of the T2 is generated, with an
accompanying color or gray scale map representing relax-
ation times. The T1 and T2 relaxation times are quantified

on a pixel basis, assigned a value, and if desired, assigned a
color to provide a visual assessment of the region of interest.
T2 values are then obtained for regions with chondral abnor-
malities and compared with values obtained from the T2 map,
with marked difference in values signifying abnormalities in
chondral structure. Minimum inter-echo spacing must be used
to evaluate articular cartilage, given the rapid rate of T2 decay
in the radial zone.® This means of analysis provides an objec-
tive way to evaluate changes in signal intensity, and is more
practical for evaluation of focal cartilage defects than volu-
metric analysis. However, it requires high-resolution imaging
capabilities in the form of high field strength magnets or local
gradient coils, and also requires significant imaging time and
postprocess imaging at present depending on the MR scanner
and platform used.”’

High Field Strength Imaging

To date, the vast majority of conventional MRI of the muscu-
loskeletal system in the clinical setting has been performed
at 1.5 tesla (T) and lower, with higher field strength systems
reserved for research purposes. High field strength MRI,
mainly 3-T systems, are becoming an ever-prevalent entity in
evaluating musculoskeletal abnormalities within the clinical
setting, especially those associated with chondral abnormali-
ties (Fig. 2.5).
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FiG. 2.5. High field strength imaging of articular cartilage from a healthy volunteer at 3.0T. (A) Fat-suppressed (FS) spoiled gradient echo
(SPGR) image. (B) Iterative decomposition of water and fat with Echo Asymmetry and Least squares (IDEAL) SPGR image. (C) IDEAL
gradient echo (GRE) image with bright joint fluid. (D) IDEAL GRE image with a higher flip angle, increasing fluid to cartilage contrast.

Such growing interest can be attributed to the afforded
increase in SNR, the increase in spatial resolution, and the
shorter imaging acquisition time provided by higher strength
magnetic imaging systems. However, the SNR benefit at
3.0T can often be limited by various factors, including field-
dependent changes in tissue relaxation times and chemical
shift differences that exist between fat and water.”® In addi-
tion, imaging of articular cartilage at higher field strengths

introduces variability in T1 and T2 relaxation times.”** In
general, a slight increase of 10% to 15% in T1 relaxation
times and a slight decrease of 10% to 15% in T2 relaxation
times of articular cartilage have been shown with 3.0-T sys-
tems in comparison to 1.5-T systems.”®® These differences
ultimately affect the selection of appropriate parameters,
repetition time (TR) and TE, required to ensure optimal
image contrast.”®
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Novel Magnetic Resonance Imaging Techniques

While conventional MRI techniques are excellent for the detec-
tion of high-grade chondral lesions, they provide limited infor-
mation regarding biochemical and structural changes associated
with the earliest chondral degeneration (grade 1 lesions).* This
has prompted development of numerous novel MRI techniques
that focus on these early changes. Inevitably, it is these tech-
niques that offer the greatest promise for better understand-
ing the pathogenesis of OA and advancing the development of
chondroprotective therapies to treat and prevent progression of
osteoarthritis. While several novel techniques exist, this discus-
sion focuses on driven equilibrium Fourier transfer (DEFT)
imaging, diffusion-weighted imaging (DWI), delayed gadolin-
ium-enhanced MRI of cartilage (AGEMRIC)/contrast-enhanced
imaging, and ultrashort TE (UTE) imaging (Table 2.4).

Driven Equilibrium Fourier Transform Imaging

In the past, DEFT imaging had been used as a method of sig-
nal enhancement in spectroscopy (Table 2.4).' Its application
in cartilage imaging relies on its ability to produce image con-
trast that is a function of proton density, echo time, repetition
time, and the intrinsic T1/T2 ratio of a given tissue.’! Unlike
T2W SE sequences, which produce contrast by attenuating
cartilage signal, DEFT produces contrast by enhancing signal
tissues with long T1 relaxation times, such as synovial fluid.
It accomplishes this by using a 90-degree pulse to return mag-
netization to the z-axis after data acquisition.®® This results in
a high signal intensity of synovial fluid and an intermediate
signal intensity of articular cartilage. Bone is dark and fat is
suppressed, allowing for excellent contrast of cartilage from
surrounding tissues (Fig. 2.6).

In addition, DEFT has a high SNR, preserving cartilage
signal and enabling visualization of the structural elements of
cartilage by requiring echo time to be as short as possible.’!
The benefit of DEFT is that is provides high contrast without
loss of cartilage signal.
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Diffusion-Weighted Imaging

Diffusion-weighted imaging in the assessment of cartilage is
based on the premise that inherently avascular structure relies
on diffusion for transport of nutrients and waste (Table 2.4). It
is also presumed that this process is altered in the early stages
of degradation, where overall morphology is grossly intact
and changes that occur affect the concentrations and orienta-
tions of the macromolecular components of articular cartilage
(Fig. 2.7).

Diffusion-weighted imaging has been shown to be sensitive
to early cartilage degeneration in in-vitro experiments.'?!-102
Preliminary work has shown that diffusion maps of water
strongly reflect the spatial heterogeneity of cartilage. More-
over, extensive studies of diffusion in cartilage under a variety
of circumstances with several small solutes, as well as water,
have helped to establish the effect of the macromolecular
environment on diffusion.

Diffusion measurements involve the application of dif-
fusion-sensitizing gradients that cause phase accrual in the
spins of tissues that is reduced to zero if spins are station-
ary. However, water undergoing diffusion accrues a random
amount of phase; thus, it does not refocus. As a result there is
loss of tissue undergoing diffusion. The amount of diffusion
weighting applied is a function of the diffusion-sensitizing
gradients and is expressed as the b-value.®® And while MRI
obtained with diffusion-weighted imaging enables the local
measurement of diffusion coefficients, it also enables the
construction of a map—the apparent diffusion coefficient
(ADC) map—that demonstrates the amount of diffusion
taken place, thus revealing spatial distribution of diffusion
differences (Fig. 2.7).54%0

Diffusion-weighted imaging has several limitations. First, it
increases the TE and makes the sequence sensitive to motion.
This a major concern in tissues with short T2 relaxation times,
such as cartilage, where the TE must be short to start with
in order to maximize cartilage signal. Single-shot techniques
have been used, but they have low SNR and spatial resolution.

TABLE 2.4. Summary of selected advanced MR imaging techniques for cartilage evaluation.

MR technique Morphology ~ Matrix ~ Proteoglycan Deep calcified layer Advantages Disadvantages
Driven equilibrium + +/- - - High signal-to-noise ratio; Experimental
Fourier transform high contrast without loss
(DEFT) of cartilage signal
Diffusion-weighted + + - - Potential detailed matrix Sensitivity to motion;
imaging (DWI) evaluation requires very high field
strength; experimental
Delayed gadolinium- + - + - Detailed proteoglycan Time-consuming; invasive
enhanced MRI of evaluation (minimally)
cartilage (AGEMRIC)
Ultrashort TE (UTE) + - - + Evaluation of deepest zones;  Limited availability;

TE values 80 ms experimental
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F1G. 2.6. A 3D driven equilibrium Fourier transfer (DEFT) imaging of a cartilage fissure. Images were done with a 3-inch surface coil for
additional detail. (A) A 3D-DEFT image showing a fissure (arrow) in the lateral patella facet. (B) T2 fast spin echo (FSE) image showing the
same fissure but not as clearly. (C) Arthroscopy, showing patella cartilage at the top and cartilage fissure. 3D-DEFT showed a greater extent

of the fissure in this case.

Multiple acquisition techniques have also been used, improv-
ing SNR and resolution. However, sensitivity to motion con-
tinues to be a major factor.!” Increases in the available gradient
strength on clinical systems will be required to fully evaluate
the clinical utility of this imaging sequence.'*

Contrast-Enhanced Imaging (Delayed
Gadolinium-Enhanced MRI of Cartilage)

Delayed Gd(DTPA)*-enhanced MRI (dGEMRIC), another
biochemical evaluation of cartilage, is a technique that was
developed to monitor the distribution of glycosaminoglycans
(GAGs) and was validated biochemically and histologically in
bovine and human cartilage (Table 2.4).1%1% This technique
uses the anionic contrast agent gadopentetate dimeglumine
(Magnevist; Berlex Laboratories, Wayne, NJ), which, upon
injection into the body, becomes negatively charged. The basis
for the MR technique is that the GAGs are negatively charged,

and when depleted leave a net positive charge within the carti-
lage. If given time to penetrate the cartilage tissue, the anionic
molecule GA(DTPA)* will distribute inversely to the concentra-
tion of the negatively charged GAGs, collecting in regions of
GAG depletion (Figs. 2.8 and 2.9).

The general protocol for dGEMRIC is based on pilot clinical
studies of the knee and hip in volunteers.!**!% Gadopentetate
dimeglumine (Magnevist) at a dose of 0.2 mM/kg (0.4 mL/kg)
(double dose) is injected in a single bolus through an antecu-
bital vein. Immediately after injection, the lower extremity is
exercised for 10 minutes, theoretically increasing the delivery
of contrast to the joint. An MRI is done 2 hours after the initial
intravenous injection, allowing for penetration of contrast into
the cartilage. The imaging protocol includes acquisition of
inversion recovery (IR) turbo-spin-echo T1-weighted images
with varying inversions times (25, 75, 180, 350, 650, 1100,
and 1680ms). T1 maps are subsequently generated that render
images with T1 values ranging from 50 to 1500 ms. In general,
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FiG. 2.7. Three-dimensional balanced steady-state free-precession diffusion-weighted imaging. (A) Proton density images. (B) Heat scale maps
of the diffusion coefficient. The b values correspond to the degree of diffusion weighting. Diffusion imaging gives a sense of translational water
mobility within the articular cartilage. The diffusion coefficients measured in normal cartilage are about 0.00145 mm?s, which correspond to
similar values in the literature. (From Miller KL, Hargreaves BA, Gold GE, et al. Magn Res Med 2004;51:394—398, with permission.).

A B

F1G. 2.8. Axial images of the knee in a patient with knee pain. (A) Proton density image. (B) Delayed T1 map after gadolinium injection
demonstrates lower signal in a focal area of the patella cartilage relative to the other articular cartilage surfaces. This may represent depletion
of glycosaminoglycan (GAG) in this region.

diseased cartilage demonstrates lower dGEMRIC T1 values

(Figs. 2.8 and 2.9). Ultrashort TE Sequences

While this imaging technique is not widely used as a clini-
cal application, it has shown great promise as a noninvasive
means to assess GAG content within cartilage. It is difficult to
implement clinically due to the timing of the contrast injection
and ultimate delay in MRI.

Although the exact pathogenesis of OA is poorly understood, it
is believed that the formation of focal cartilage lesions represents
the earliest event in the cascade of events that ultimately culmi-
nate in detectable chondral deformities. However, debate and
uncertainty exist as to which zone is affected by these earliest
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F1G. 2.9. Quantitative evaluation of glycosaminoglycan content in car-
tilage with delayed gadolinium-enhanced imaging. Top: Delayed gado-
linium-enhanced image maps T1 to glycosaminoglycan (GAG) content
and shows a focal area of low GAG concentration. Bottom: Photograph
of the specimen after staining with toluidine blue shows a focal area of
cartilage damage. (From Kramer et al.,”” with permission.).

changes. Until recently, emphasis has been placed on chondral
lesions involving the superficial most layers, as evidenced by
accompanying gross morphologic changes and tissue loss or
structural changes. More recently, however, the concept that
abnormalities in the biochemical and structural components of
the deeper radial and calcified layers of cartilage play a greater
role in the pathogenesis of OA has gained momentum in the sci-
entific literature. This concept suggests that lesions in the radial
and calcified layers of cartilage serve to destabilize the foun-
dation of the tissue, ultimately resulting in degeneration of the

more superficial zones.'"-"'* Furthermore, it has been established
that lesions in the deeper layers can result from single impaction
injury, all while leaving the superficial cartilage intact.!!!

Though much MRI research has focused on the evaluation
of articular cartilage, to date only the superficial and middle
zones of articular cartilage have been accessible with clinical
MRI. The deeper layers, the radial zone and the zone of deep
calcified cartilage, have been inaccessible to MRI evaluation,
due mainly to the technical constraints of both conventional
and novel MRI sequences to detect signal in the short T2
range present in these zones.

As discussed earlier, cartilage displays a zonal variation in
mean T2, ranging from 30 to 40 ms in superficial layers, to 3
to 4ms in its deepest layers (Fig. 2.1). However, ultrashort TE
(UTE) sequences have, for the first time, enabled visualization
of the morphologic features of these zones (Table 2.4). With
TEs 20 to 50 times shorter than the 8 to 10ms of conven-
tional FSE studies, UTE sequences allow excellent depiction
and evaluation of tissues with short T2 relaxation components
(Fig. 2.10).

By providing a means of evaluating short T2 relaxation
components in articular cartilage, predominating in the deep
and calcified layers, all the basic structural components of the
tissue can now be qualitatively and quantitatively assessed in a
noninvasive manner with MRI. Images are optimized through
coil selection, acquisition techniques, and subtraction tech-
niques to improve SNR and contrast-to-noise ratios within
cartilage. This information can be coupled with existing MR
techniques to provide a global assessment of these zones,
presenting new opportunities to assess pathogenesis, patterns
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Fi1G. 2.10. Ultrashort echo time (UTE) MRI of the knee acquired at 3T with (A) first image (TE = 8 us), (B) second image (14 ms), and (C) dif-
ference image (first image minus second image). The calcified layer of cartilage is identified by its bright signal intensity just superficial to the
subchondral bone in the femur (white arrowheads A). The more superficial layers of the femoral (curved arrow) and tibial (straight arrow) carti-
lage can be seen on the second image. (B) The difference image shows a more extensive high signal layer than for the radial zone (in A), which
includes both the calcified layer and the deep radial zone. Compact subchondral bone appears black (black arrows, B and C).
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of cartilage injury, and degeneration that lead to OA. More-
over, recent data suggest that the integrity of the deep layer of
cartilage may afford prognostic information with regard to the
effectiveness of different cartilage repair techniques.

Magnetic Resonance Imaging of Articular
Cartilage Repair Techniques

Postsurgical imaging of articular cartilage is increasing in
importance as a variety of different palliative surgical tech-
niques have become available for the repair of chondral defects.
As mentioned earlier, articular cartilage is a relatively avascular
tissue with a limited capacity for repair, as well as an inherent
inability to regenerate. As a result, damage or degeneration of
articular cartilage is an irreversible process that may lead to a
host of clinical symptomology, as well as considerably impact
quality of life. Oftentimes, surgical intervention is indicated.
Current therapies can be categorized into two broad groups:
palliative therapies dealing with treatment of symptoms with-
out surgical intervention, and those focused on surgical repair
of cartilaginous abnormalities. The former includes removal
of loose bodies and osteophytes, replacement arthroplasty, and
lavaging of the joint.'"> And while these treatments provide pain
relief and slow the progression of cartilaginous defects, they fail
to restore the structural integrity of cartilage. Surgical repair of
cartilaginous abnormalities, which is the focus of the ensuing
discussion, can be further subdivided into two categories: local
stimulation and autologous transplantation of cartilage.''® And
while much has been written regarding these entities, to date no
randomized studies comparing them has been reported.

Local Stimulation (Abrasion Arthroplasty,
Microfracture, and Subchondral Drilling)

Local stimulation techniques are often performed as the primary
repair procedure of cartilaginous defects, given the fact that they
involve minimal instrumentation and can be performed concur-
rently with arthroscopy.'"® The three most commonly performed
techniques that fall into this category are abrasion arthroplasty,
microfracture, and subchondral drilling.'"

Local stimulation techniques are modeled on the principle
that full-thickness defects have a greater propensity for healing
than do partial lesions. The reason is that unlike partial-thickness
lesions, full-thickness defects extend into the subchondral
bone, allowing for the extravasation of pluripotent stem cells,
growth factors, and other proteins that are vital for mounting
a repair response and for tissue remodeling.''* Repair tissues
have been shown to be composed of hyaline and fibrocarti-
lage.""* Thus, the penetration of subchondral bone underlying
chondral defects is a key component performed in all local
stimulation techniques. However, the manner in which the
subchondral bone is penetrated varies. A burr is used in abra-
sion arthroplasty, a drill in subchondral drilling, and an awl
or pick in microfracture to make multiple penetrations that
are 3 to 4mm apart and measure about 4 mm in depth.!>!115:116
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In general, local stimulation techniques are recommended for
cartilaginous lesions smaller than 4cm?, although they have
been reported to treat defects as large as 10cm?.'3

Within the first few months following microfracture repair,
repair tissue of intermediate intensity can be seen on MRI.
This tissue is generally thinner than the adjacent healthy
articular cartilage. In addition, surgically related edema-like
patterns are commonly seen around the defect. With time, the
signal intensity of repair tissue approaches, or becomes simi-
lar to, that of the native healthy cartilage, signifying increased
repair tissue with complete filling of the defect.

The main limitation of local stimulation techniques is that the
repair tissue does not have the same structure and durability as
that of healthy hyaline cartilage. Abnormally low concentrations
of type Il collagen have been shown to be present, instead replaced
by type I collagen, which is often not found in cartilage. In addi-
tion, repair tissue also has reduced proteoglycan content.!>!7:113

Autologous Transplantation of Cartilage

The two technique of autologous transplantation of carti-
lage are autologous osteochondral transplantation (AOT) and
autologous chondrocyte implantation (ACI). Both techniques
have been advocated, due to their potential for formation of
hyaline and hyaline-like repair tissue.'

Autologous Osteochondral Transplantation

Autologous osteochondral transplantation is a technique in
which osteochondral plugs, harvested from non—weight-
bearing or minimal weight-bearing regions of the articulation
are used to fill osteochondral defects. Autologous osteochon-
dral transplantation is also referred to as MosaicPlasty (Acu-
fex, Smith & Nephew, Andover, MA), osteochondral autograft
transfer system (OATS, Anthrex, Naples, FL), soft delivery
system (SDS, Sulzermedica), and the Consistent Osteochon-
dral Repair (COR) system (Mitek, Raynham, MA).'"*!120 Such
variety in nomenclature is reflective of the diverse array of
instruments used in performing this procedure. The major
objective of AOT is threefold: (1) to replace the defect with
normal cartilage; (2) to approximate the interface of the graft
with that of native bone, creating a congruent surface that will
preserve joint mechanics; and (3) to achieve incorporation of
the graft with underlying bone.

Plugs are most commonly taken from the intercondylar notch
or the superior edge of the lateral or medial femoral condyles at
the level of the patellofemoral joint. Prior to implantation, the
chondral defect itself is debrided down to viable subchondral
bone. Next, bone plugs are transplanted into the defect in a per-
pendicular fashion to the articular surface, with careful atten-
tion to maintaining congruent transition points between the
cartilage surface and the subchondral interface.!"* And while
a congruent cartilage-to-cartilage interface is often achieved,
an incongruent bone-to-bone interface occurs between that of
native and transplanted cartilage.'"® This has been attributed to
the fact that grafts are often harvested from regions of the knee
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joint where the articular cartilage is thinner when compared to
the recipient site.!!* Furthermore, curettage or abrasion arthro-
plasty is performed in the interstices between plugs, providing
stimulation that results in an eventual filling of these spaces
by a fibrocartilaginous-like repair tissue. Compared to adja-
cent native articular cartilage, this demonstrates increased T2
signal on FSE images and decreased signal intensity on 3D
fat-suppressed SPGR sequences.!!

Histologic confirmation of such repair tissue, as well as
of viable hyaline grafts, has been reported.!'*121122 Further-
more, AOT has been shown to increase defect fill from 90%
to 100%.'"*

Magnetic resonance imaging provides accurate assessment
of postsurgical changes, including graft positioning, graft
incorporation, donor-site morbidity, and surface incongruities
between repair tissue and adjacent native articular cartilage.!!?
Surface incongruities are often designated as either protuberant
or depressed. Magnetic resonance imaging not only facilitates
visualization of these irregularities, but also provides valuable
information regarding their cause, including graft displace-
ment, gross graft motion, graft subsidence, and improper posi-
tioning of grafts.!'* Of note, surface irregularities have been
shown to decrease over time on serial MR studies, most likely
a result of filling defects by fibrocartilaginous-like repair tis-
sue mentioned previously.'?® Loosening of graft placement is
indicated by graft migration or displacement, as well as fluid
surrounding the graft on T2W FSE images.’!

In addition, signal characteristics of both the osseous and
cartilaginous portion of the graft can be evaluated using
MRI, enabling better assessment of postsurgical cartilaginous
degeneration. Variability in the signal intensity of the graft
implants has been noted in the postoperative period. Generally
at 5 months posttransplantation, fatty marrow signal intensity
is present to a variable degree within the central portion of the
graft, and by 12 months the entire graft should demonstrate
fatty marrow. The presence of contrast enhancement can indi-
cate an intact vascular supply to the graft, although enhance-
ment may not occur in the grafts for up to 4 weeks postsurgery.
In studies to date, routine clinical MRI protocols have been
used for postoperative evaluation that were composed of T2-
weighted fat-suppressed fast spin echo, and T1-weighted spin
echo sequences in various imaging planes.’!1%

Variation in signal intensity is also seen within the donor site.
In general, the donor site is initially either left empty or filled in
with material from the recipient site. Over time, it fills with can-
cellous bone and fibrocartilaginous-like repair tissue.!?* During
the early postoperative period, the donor site demonstrates low
T1 and high T2 signal intensity compared to adjacent fatty
marrow, as well as defects within its overlying cartilage and
adjacent edematous bone marrow changes.!'* At 6 to 9 months
postoperatively, there is filling of the donor-site defect with
fibrocartilaginous-like repair tissue. Furthermore, the donor site
returns to its normal fatty marrow-like signal intensity.!'?

Indications for AOT include focal osteochondral defects
with a diameter of 1 to 4cm?!'"*!? Contraindications include
age greater than 50, lesions larger than 8cm?, and diffuse

cartilaginous defects (as typically seen in advanced OA,
inflammatory arthritis, and postseptic arthritis).!'* The
outcome of the procedure primarily depends on the position,
orientation, and number of osteochondral plugs.'!®

Autologous osteochondral transplantation has many limita-
tions. First, donor-site morbidity has been reported in approxi-
mately 3% of patients.!"* Second, the number of bone plugs
that can be used is limited by the availability and morbidity of
donor sites. Third, harvesting of plugs leads to irregularities
of the tidemark, and in turn subsequent irregularities of the
bone—cartilage interface. Finally, AOT is technically difficult
procedure, require expertise training.

Autologous Chondrocyte Implantation

Autologous chondrocyte implantation is a two-stage cell-based
surgical approach to the treatment of articular cartilage defects.
The first stage involves diagnostic arthroscopic assessment of
the joint and harvesting of about 200 to 300 mg of health articu-
lar cartilage for cell culture. As with AOT, specimens are har-
vested from non—-weight-bearing sites within the joint. Cells are
extracted from specimens using sophisticated enzymatic diges-
tion methods and are subsequently cultured for 4 weeks until
approximately 12 million cells are available for implantation.

During the second stage, a second open arthrotomy is per-
formed in which the cartilaginous defect is debrided down to
subchondral bone, with additional removal of any loose carti-
lage fragments from the margins of the defect. Of note, pen-
etration of the subchondral bone plate, as in local stimulation
techniques, is avoided.

Periosteum is harvested and trimmed to match the debrided
cartilage defect. The periosteum is sewn over the cartilage
defect and made water-tight with fibrin glue, leaving one free
corner through which the cultured cell suspension is injected.
After the cell suspension is injected, a final stitch is placed and
the injection sight is sealed.

Histologic investigations have shown that the repair site
maturation occurs through several phases.!? The proliferative
phase, accounting for the first 6 weeks, involves multiplication
of the transplanted cells, resulting in filling of the defect with
soft tissue. In the transition phase (between 7 and 26 weeks),
there is production of collagen and proteoglycans, resulting
in stiffening of the ECM. In the final or remodeling phase,
there is further maturation of the ECM, in which the repair
tissue becomes similar to that of the adjacent healthy articu-
lar cartilage.!'*!? Furthermore, in a mean follow-up approxi-
mately 4 years after ACI, biopsy specimens obtained from the
repair site showed hyaline-like repair tissue in 75% to 80% of
cases.'?¢127 Of clinical relevance, the postsurgical MRI find-
ings parallel the above-mentioned histologic changes. Thus,
an overall appreciation of the mentioned histologic processes
can assist in better understanding the MRI findings.

Magnetic resonance imaging of autologous chondrocyte
grafts has proven particularly useful for evaluating the signal
of the repair tissue, the degree of defect fill, the integration
of the repair cartilage to the subchondral plate, as well as the
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status of the subchondral bone plate and bone marrow. Com-
mon imaging protocols incorporate primarily proton density
and intermediate-weighted FSE sequences. Gradient echo
sequences introduce excessive susceptibility artifact on the
surface of the graft, interfering with graft evaluation. Utili-
zation of arthrographic techniques has also been discussed,
particularly for the differentiation between heterogeneous sig-
nal intensity within the graft repair cartilage and delamination
defects or separation of the graft from the underlying bone.

The signal intensity of the graft repair tissue and underlying
bone after ACI can be heterogeneous and variable, changing as
the repair tissue matures.'>1?%12? The implications of the changes
in signal intensity are currently not known. In the first month
after surgery, the tissue repair demonstrates intermediate signal
intensity on TIW SE and proton-density images, and increased
signal intensity that is only faintly different from that of joint
fluid on fluid sensitive sequences. In addition, the periosteal
cover can be identified as a separate layer on the surface of the
repair site, which often extends above the level of the articular
surface. Linear fluid-like signal within the graft or at its junc-
tion with subchondral bone usually indicates a tear of the peri-
osteal cover or poor integration of the graft. However, over time
the signal intensity of the repair tissue comes to approximate
that of articular cartilage, stabilizing at about 12 to 18 months
postsurgery. The morphology of the repair tissue should mimic
that of the native articular cartilage in its thickness and contour.
It should restore the articular surface, filling the cartilage defect.
The margins of the graft should be continuous with the adjacent
native cartilage, as repair tissue integrates with native cartilage.
However, the graft—cartilage interface, too, is variable and het-
erogeneous in appearance over time.!?

In the first few months postsurgery, portions of this interface
appear similar to fluid, falsely simulating a fissure.!'* However,
unlike a true fissure, this fluid-like line runs orthogonally to the
articular surface and does not extend between the repair tissue
and bone interface. With the maturation of the graft—cartilage
interface over time, this interface comes to demonstrate a dark
band, or is discernible altogether, further distinguishing it from
the findings of a true fissure. As for the subchondral bone plate
beneath the graft, it may appear slightly irregular or smooth, and
usually remains so over time. On MRI, an edema-like signal
within the bone marrow, subjacent to or deep beneath the repair
site, is expected in the early postoperative period. A decrease in
marrow signal is observed over the next few months, with a nor-
mal appearance expected by 1 year. Persistence of abnormal bone
marrow signal beyond 1 year is bothersome, and may indicate
possible postoperative complications such as periosteal hypertro-
phy (discussed below) and poor integration of the repair tissue.
However, often a thin line of edema-like signal may indefinitely
remain beneath the subchondral bone subjacent to the graft site.

Several complications are encountered in ACI repair tech-
niques. These can be categorized as either being related to the
actual surgical procedure itself or as being related to the ACI
repair tissue. By far, the most common arthrotomy-related
complication is the formation intraarticular adhesions, occur-
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ring in approximately 5% of patients.'*® Adhesions usually
present as with knee stiffness and nonspecific knee pain. The
diagnosis can be made clinically without the need for imag-
ing. The most common symptoms include the sudden onset
of painful catching or knee locking.'” However, MRI of this
subset of patients provides the radiologist with the advantage
of being able to exclude graft failure as a possible cause of
symptoms. On MRI, adhesions appear as thickenings of the
joint capsule or focal bands of tissue within the infrapatellar
fat pad that demonstrate lower signal intensity than that of
fat on TIW SE and proton density images, and higher signal
intensity than fat on fat-saturated proton density images.

A second complication is delamination of the repair tis-
sue. Most commonly occurring within 6 months of surgery,
delaminating defects can involve the complete separation
of the entire graft from the defect site, termed a complete
delamination, or can involve partial separation, termed partial
delamination. Partial delamination usually occurs in a mar-
ginal fashion, involving the ACI-native cartilage junction.'®
Repair tissue may become displaced, leaving behind an empty
fluid-filled defect within the graft detected on MRI. The dis-
placed repair tissue appears as an intraarticular body within
the joint. Partial delaminated graft tissue can also remain in
place and produce a tissue flap seen on MRI.!* Abnormal lin-
ear signal intensity has been reported at the base of the ACI
graft, between it and the subjacent subchondral bone plate,
representing fluid-like signal of the immature ACI graft tis-
sue. However, it may be difficult to differentiate this from a
delaminating defect. Magnetic resonance arthrography facili-
tates distinguishing these defects, given that the repair tissue
is darker than fluid. Thus, it is important to express the degree
of filling on MRI with respect to the linear depth and percent
of volume of the defect.

Another complication of ACI is hypertrophy of the periosteal
cover, occurring in up to 20% to 25% of patients. On MRI, this
fibrous overgrowth of the periosteal cover appears as a thickening
of the repair tissue with protrusion above the level of the articu-
lar contour.'* It is commonly encountered between the third and
seventh postoperative months. The clinical presentation is that of
catching. In addition, the hypertrophic tissue can extend over the
adjacent surface of cartilage, resulting in an observed overlapping
flap of tissue seen on MRI, or it can grow into the intercondylar
notch and interfere with the anterior cruciate ligament (ACL)
when the ACI site is close to the intercondylar notch. The latter
situation can be confused with the focal fibrosis seen in a cyclops
lesion post-ACL reconstruction.!*1? Treatment of symptomatic
periosteal hypertrophy is arthroscopic chondroplasty and removal
of overlapping fibrous tissue.'*

Finally, failure of the ACI graft can occur. This is often due
to poor bone integration, graft delamination, poor tissue qual-
ity, or degeneration of the repair tissue.'** On MRI, the findings
of repair tissue degeneration are similar to those of native
cartilage degeneration. Fissures and partial- or full-thickness
tears may be present, as well as edematous marrow signal or
cyst formation in the underlying subchondral bone.!!!3!
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Advances in musculoskeletal imaging technology have evolved
significantly as novel articular cartilage surgical techniques have
been introduced. The application of MRI has made possible the
identification of focal hyaline cartilage pathology with extraordi-
nary detail. Its application has begun to play an integral role in the
decision-making process for precise diagnosis, treatment, and out-
comes assessment. Traditional plain roentgenogram images have
limited the interpretation of articular cartilage pathology to the
evaluation of joint space narrowing, subchondral bone irregulari-
ties, and bone perimeter hypertrophy. Magnetic resonance imaging
is able to evaluate the articular cartilage with precise detail, and
while arthroscopy remains the standard for cartilage evaluation, the
accuracy of MRI and its potential for improvement is invaluable.

Articular cartilage has limited potential for spontaneous repair
following injury. Furthermore, injuries to the articular cartilage can
subsequently lead to the development of osteoarthritis and degen-
erative joint disease. Approximately 75% of people over the age
of 75 have osteoarthritis of the knee.'*? As our population ages and
remains increasingly active, it is important to ensure a comprehen-
sive approach to diagnosing and treating articular cartilage.

More recently, advances have been realized in the area of artic-
ular cartilage biosurgery and resurfacing. Established treatment
methods such as arthroscopic debridement and drilling have
been augmented or replaced by techniques such as arthroscopic
marrow stimulation, osteochondral autograft and allograft tis-
sue transplantation, ACI, and the use of bioresorbable synthetic
scaffolds to repair or replace osteochondral defects.

This section reviews the clinical approach to articular cartilage
pathology and treatment and the role MRI can play in that treat-
ment algorithm. The use of MRI to evaluate articular cartilage
injuries is discussed, including presentation, clinical detection and
natural history of articular cartilage injuries, and how MRI may
affect decision making pre- and postoperatively. Future trends in
the field of articular cartilage repair and outcomes analysis as it
relates to noninvasive imaging are also reviewed.

Magnetic Resonance Imaging
and Articular Cartilage

Magnetic resonance imaging has emerged as the method
of choice in noninvasive imaging and evaluation of articu-
lar cartilage defects. Magnetic resonance imaging of the
musculoskeletal system has improved with the introduction
of more advanced imaging software and stronger, more pow-

erful imaging equipment that is able to reduce imaging time
while increasing resolution and contrast. There is, however,
wide variability in the imaging acquisition techniques used
to evaluate articular cartilage, which is partly due to different
imaging equipment used in different centers. Variability also
arises from different techniques in which MRI manufacturers
acquire data as well as the imaging sequence preference of
radiologists performing examinations, including field strength
characteristics, extremity coil selection, and positioning.

The most widely used imaging techniques for evaluation of
articular cartilage have been the T1 fat-suppressed 3D spoiled
gradient echo and T2-weighted fast spin echo technique.'3*13
Other techniques employ a moderate TE and relative long TR-
weighted sequence with increased phase encoding and number
of excitations (NEX), with a smaller field of view allowing for
higher resolution, which enables greater contrast between tis-
sues with different water content.'* Fat-suppression techniques
refer to the process of improving imaging contrast by darkening
fat on MRI; however, it is associated with resolution reduction,
which potentially could reduce diagnostic precision.

Recent studies have shown significant accuracy associated
with the use of high-resolution modified echo time FSE sequence
techniques to evaluate and predict lesion site, size, and depth.'3
Disler et al.'** showed that the use of a fat-suppressed 3D spoiled
gradient-echo sequence has a sensitivity of 86%, specificity of
97%, and accuracy of 91% for detection of cartilage lesions in
the knee. Similar results have been proven using alternative tech-
niques with a sensitivity of 87%, specificity of 94%, and accu-
racy of 92% with high field strength FSE images.'*

Definition and categorization of MRI interpretation have been
increasingly improved. The radiologist may report articular car-
tilage damage in a descriptive (i.e., heterogeneous, fissured, and
thinned) or systematic manner. Brown and Potter et al.’*® define
a detailed categorical evaluation of articular cartilage based on
morphology, tissue volume, congruence, and integrity. Mor-
phology is reported as depressed, flush, or proud; volume filling
is categorized and quantified as good (67-100% fill), moderate
(34-66% fill), or poor (0-33% fill); the native cartilage-repaired/
damaged cartilage interface is evaluated for gaps that are catego-
rized as small (£2mm) or large (>2mm); subchondral marrow
edema is described as mild (< 1cm?), moderate (1 to 3cm?), and
severe (>3 cm?); and the presence or absence of osseous over-
growth is described.’® The radiologist’s ability to accurately
describe articular cartilage damage on MRI broadens its role for
diagnostic as well as perioperative evaluation by clinicians.
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Incidence and Relevance

Articular cartilage damage occurs either acutely from a sig-
nificant injury or chronically from repetitive overload and
imbalance. It is common in patients of all ages and activ-
ity levels. An evaluation of 31,000 knee arthroscopies over a
4-year period determined that 63% of all patients who undergo
knee arthroscopy for pain have some level of articular cartilage
damage.'”” Similarly, Hjelle et al.,'*® in a prospective study of
1000 knee arthroscopies performed in a population of patients
with a median age of 39 (range 13 to 96 years), found chondral
or osteochondral lesions in 61% of all patients. Focal defects
were found in 19% of patients and were most often noted in the
medial femoral condyle and patella. Of the patients found to
have articular cartilage lesions, 61% related their symptoms to
a specific traumatic event.

Accurate clinical assessment of articular cartilage pathol-
ogy and precise determination of surgical indications and sig-
nificance of intraarticular defects identified during arthroscopic
examination have not been completely optimized. In many
cases, chondral lesions present in association with other con-
founding clinical pathology including ligamentous patholax-
ity, meniscus tears, patella instability, and malalignment. An
assessment of 378 ACL-deficient knees showed articular car-
tilage lesions in 157 (42%) cases.'* More extensive articular
cartilage damage was noted in patients found to have a con-
comitant meniscal tear. In addition, it is difficult to determine
if the injury to the cartilage resulted from the trauma, which
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caused the ligament damage, or if the cartilage lesion is from
degeneration secondary to ligamentous instability. Patella insta-
bility is also commonly associated with chondral pathology.
A review of 39 knees arthroscopically evaluated following acute
lateral patella dislocations revealed a 95% (37 of 39) incidence
of articular cartilage injuries with all 37 knees having defects
noted on the patella surface, most often in the medial facet of
the patella.'** Twelve of the 37 knees (32%) had cartilage dam-
age to the lateral femoral condyle as well. Aroen et al.'*! studied
993 patients undergoing knee arthroscopy for pain and found
that 66% of all patients had damage to the articular cartilage,
while only 70 (7%) had isolated cartilage lesions without asso-
ciated pathology.

In an attempt to define the clinical significance of carti-
lage lesions with associated pathology, Drongowski et al.'#?
studied patients with an articular cartilage injury or menis-
cus tear in ACL-deficient knees. Of 99 patients, almost 60%
had associated chondral pathology. While patients with
an associated meniscus tear reported no loss of function,
patients with hyaline cartilage injuries subjectively reported
decreased ability to run. This study suggests that operative
intervention may be indicated when chondral pathology is
found in association with ACL tears. However, no consensus
has been reached and a study by Shelbourne et al.'*} reported
on 6- to 8-year follow-up of 101 patients with a chondral
defect following ACL reconstruction in which the chondral
defect was not treated (Fig. 2.11). A statistically significant
difference was noted in the subjective scores in those patients

F1G. 2.11. (A) Sagittal proton density MRI. (B) Sagittal proton density fat suppressed sequence status post anterior cruciate ligament rupture
with characteristic bone confusions (small arrows) and discrete defect at the posterior lateral tibial plateau (large arrows).
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with chondral defects at approximately 6 years; however,
both groups report excellent overall function clinically when
followed for 12 years.

Natural History of Articular Cartilage
Pathology

In general, there are three types of cartilage tissue: hyaline
(articular), elastic (nose and ear), and fibrocartilage (menis-
cus, wrist triangular fibrocartilage complex, and the glenoid
and acetabular labrum). Articular cartilage is commonly found
lining diarthrodial joints, and it is approximately 2 to 4 mm in
thickness, with the thicker areas usually found at the periph-
ery of concave surfaces (medial tibial plateau) and the center
of convex surfaces (patella). The function of articular carti-
lage is to provide load transmission via a low-friction articu-
lar surface. Its function is highly dependent on its structural
composition and organization. Articular cartilage is avascular
and aneural, consisting primarily of an extensive extracellu-
lar matrix that makes up 99% of its dry weight composition,
while the remaining 1% is made up of chondrocytes.'** The
function of the chondrocytes is to produce, maintain, and sub-
tend the extracellular matrix. They are metabolically active,
increasing function in response to mechanical joint pressures.
The matrix is mainly composed of water, making up 60% to
80% of its weight with collagen (95% type II, 5% types 1V,
VI, IX, X, and XI), and proteoglycan aggregates making up
the remaining portion of the matrix."> The components of
articular cartilage maintain a dynamic state of dependence to
regulate the hydration and nutrition that subsequently affect
loading, viscoelastic properties, and the coefficient of friction
across the joint.

Ultrastructurally, hyaline cartilage is organized as four
zones, each with different collagen orientation, cellular shape,
profile, and matrix composition.'*® The tangential zone is the
most superficial zone and contains collagen-oriented parallel
to the joint surface and flattened chondrocytes. It is covered
superficially by the lamina splendens, a thin electron-dense
layer, approximately 0.5um, thick that provides structural
protection. The second or transitional zone contains collagen
oriented obliquely with spherical chondrocytes. The radial
zone lies deep to the transitional zone, and its fibers and chon-
drocytes align perpendicular to the joint surface. The tidemark
serves as demarcation between the noncalcified deep radial
zone and the calcified cartilage. The collagen fibers of the
radial zone cross the tidemark to anchor into the zone of calci-
fied cartilage.

Focal articular cartilage lesions respond to injury differently
depending on the lesion depth.'*1%¢ A chondral (superficial)
lesion whether partial or full thickness (not penetrating the
subchondral plate) often responds to injury either without a
repair response or with incomplete repair. A full-thickness
injury is likely to undergo a disordered repair response. An
osteochondral lesion by definition penetrates the subchon-

dral plate, which can result in an inflammatory response with
release of bone marrow constituents as well as cytokines or
proinflammatory mediators that can contribute to a healing or
attempted repair. An MRI may be used effectively to differen-
tiate between chondral and osteochondral defects.

Osteochondritis Dissecans Versus
Osteochondral Fracture Versus Osteoarthritis

In many clinical studies, cases of osteochondritis dissecans
(OCD), osteochondral fracture (OCF), and osteoarthritis (OA)
may be combined and reported on, although the pathoetiology,
presentation, natural history, and treatment options vastly dif-
fer. Osteoarthritis typically presents in the older patient (>60
years old). It tends to be chronic and progressive with symp-
toms of swelling, warmth, or stiffness. Patients with either
OCD or OCF tend to be younger, typically presenting in the
second or third decades with a history of trauma and mechani-
cal symptoms such as catching and locking.

Osteochondral fractures typically present with more frag-
mentation and perimeter irregularity than osteochondritis
dissecans (Fig. 2.12). Forty percent to 50% of the time,
OCF occurs over the medial femoral condyle or medial
patella facet.'¥* It may present in a manner similar to other
knee pathology. Terry et al.'*¥ reviewed the symptomatol-
ogy of 18 patients found with isolated chondral fractures;
17 of them presented with a clinical exam consistent with a
meniscus tear. Therefore, when a patient undergoes a “nega-
tive” arthroscopy for meniscus-related symptoms following
trauma, a chondral fracture may be suspected and should be
considered.

The term osteochondritis dissecans (OCD) refers to a focal
region of subchondral bone necrosis with overlying osteochon-
dral separation and detachment'® (Fig. 2.13). Osteochondritis
dissecans is most commonly noted over the lateral aspect of
the medial femoral condyle of the knee, accounting for 75%
of cases. The patella makes up approximately 15% of cases,
with the remainder noted in the weight-bearing surfaces of the
medial and lateral femoral condyles.'” The most significant
symptomatic presentation is associated with fragment detach-
ment and resultant loose body formation.

Another traumatic pathologic entity often reported in
association with ACL tears is an osseous contusion or bone
bruise. This is a traumatic injury to the subchondral bone
and overlying articular cartilage and is associated with
marrow edema and retention of normal bony architecture.
Plain roentgenograms are often negative, but on MRI mar-
row edema is commonly found, particularly over the medial
aspect of the lateral femoral condyle and the posterior third
of the lateral tibial plateau'® (Fig. 2.14). The approach to
an isolated osseous contusion consists of symptomatic
treatment and activity restriction. In general, a favorable
prognosis is noted; however, the presence of a concurrent
underlying injury to the ligaments, meniscus, and cartilage
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FiG. 2.12. (A) Coronal T1-weighted sequence of subchondral fracture (arrow) of medial femoral condyle. (B) Coronal T2 fat-saturated
weighted sequence of bone contusion and subchondral fracture (arrow) of the medial femoral condyle.

must be considered. The long-term natural history of osse- Osteoarthritis is a chronic and progressive condition that is
ous contusions is yet to be clearly defined, particularly as associated withamultifactorial etiology. Factors suchastrauma,
more compelling biochemical mechanisms of articular carti-  obesity, malnutrition, metabolic disorders, and genetics may
lage degradation are elucidated. play a role. An MRI of the arthritic knee demonstrates joint

A B

FiG. 2.13. (A) Sagittal proton density fat-suppressed sequence of osteochondritis dissecans lesion of the medial femoral condyle (arrow).
(B) Sagittal T2-weighted sequence of osteochondritis dissecans lesion of the medial femoral condyle (arrow).
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A B

FI1G. 2.14. MRI. (A) Sagittal proton density fat-suppressed sequence and (B) Coronal proton density fat-suppressed sequence demonstrating
a bone contusion with the lateral tibial plateau (arrows).

space narrowing, articular cartilage degeneration, hypertrophic Classification

osteophytes subchondral sclerosis, and edema (Fig. 2.15).

Osteoarthritis is often found in association with injuries such  Classification of chondral pathology can be based on
as meniscal and ligament pathology, which is likely repre- radiography, histology, clinical exam, or direct visualiza-
sentative of a joint degenerative process rather than injury or  tion during arthroscopy. An effective grading and assessment
trauma."! system should be easy to use, comprehensive, have good

A B

FiG. 2.15. (A) Coronal T1-weighted sequence of generalized osteoarthritis of the knee. (B) Coronal proton density fat-suppressed sequence
of generalized osteoarthritis of the knee.
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inter/intraobserver reliability, and diagnostic and prognostic
significance and correlation. The standard for grading articu-
lar cartilage integrity has been intraoperative arthroscopic
assessment. The most widely used visual classification system
for chondral lesions is the Outerbridge classification system
(Table 2.5; see also Table 2.2).!2 The original Outerbridge
classification system was described to identify the extent of
chondral wear associated with chondromalacia patellaec and
noted at arthrotomy. Defects were measured with calipers and
described as follows: grade I, cartilage with softening and
swelling; grade II, fragmentation and fissuring in an area half
an inch or less in diameter; grade III, same as grade II but an
area more than half an inch in diameter; and grade IV, ero-
sion of cartilage down to bone.!** The modified classification
was described by Insall: grade I, softening; grade I, fissuring;
grade I1I, fibrillation; and grade IV, exposed subchondral bone
(without reference to defect size).'>

The Noyes and Stabler grading system is also based on
the visual inspection of the lesion during arthroscopy. The
grading assesses four components: the articular surface, the
depth, the diameter, and location of the lesion. This more
comprehensive classification system has been shown to be
applicable for use in chondral lesions.'3 Bauer and Jackson!'*®
classified articular cartilage lesions based on a more descrip-
tive variability of damage patterns. Type I is a linear pattern.
Type 11 is stellate. Type III is described as a flap. Type IV is
described as a crater. Type V is represented by fibrillation.
Type VI is indicative of subchondral bone exposure. Hunt et
al.’7 described a new method of classification that assesses
lesions based on location as well as depth and size, while tak-
ing into account the overall function, chronicity, and involve-
ment of other structures. In this classification, the femur and
tibia are divided into ten zones and the patella into six zones.
The lesions are recorded diagrammatically based on intraop-
erative arthroscopic evaluation. Associated meniscus and liga-
ment pathology are recorded on the same diagrams. Overall,
Hunt et al. demonstrated good interobserver reliability and an
accurate overall assessment of articular cartilage lesions.

Clinical patient evaluation may include subjective and objec-
tive findings as well as functional assessment tools. Measures
that were initially described to assess ligament injury or osteo-
arthritis are currently being applied to chondral pathology
including the Lysholm knee score, the Western Ontario and
McMaster Universities Osteoarthritis Index (WOMAC), and
the Knee Injury and Osteoarthritis Outcome Score (KOOS).!*
The Lysholm knee score is a subjective assessment of function
measuring eight domains: limping, locking, stair climbing,

TABLE 2.5. Outerbridge classification.

Grade Description

0 Normal cartilage

I Softening and swelling

11 Partial-thickness defect, fissures less than 1.5-cm diameter

11 Fissures that reach subchondral bone, diameter greater than 1.5cm
v Exposed subchondral bone
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pain, support, instability, swelling, and squatting. A score of
0 to 100 is calculated based on the individual scores in each
domain; a higher score means higher function. The Lysholm
score has been validated for use as an effective assessment
tool for chondral pathology in the knee.'*

The WOMAC score is applicable to arthritis pathology of
both the knee and hip. The index is designed to measure the
dimensions of pain, disability, and joint stiffness. It is a self-
administered 24-question assessment associated with numerous
studies supporting its reliability and validity in multiple differ-
ent languages and cultures.'® The KOOS is a measure that was
introduced based on the WOMAC score. This is a self-admin-
istered assessment of five categories: pain, symptoms, activities
of daily living, sport/recreation function, and knee-related qual-
ity of life. This measure has proven reliable and reproducible in
evaluation of patients with knee pathology and is being applied
to articular cartilage lesions in an acute as well as chronic set-
ting.!'! The Cincinnati Knee Rating System is a functional
assessment based on six abilities essential for the participation
in sports: walking; climbing stairs; squatting/kneeling; straight
running; jumping/landing; and hard twists, cuts, or pivots.'®

In 1998, the International Cartilage Repair Society (ICRS)
established a grading system of articular cartilage injuries
based on the assessment of the lesion architecture, size, depth,
precise location, and a description of the opposing surface
extent of the lesion'*” (Fig. 2.16). The ICRS Cartilage Injury
Evaluation Package is a two-part evaluation completed by the
patient as well as the surgeon.!? The patient completes the
International Knee Documentation Committee (IKDC) sub-
jective knee evaluation form as part of the overall packet. It is
scored from O to 100; a higher score means higher function.
The surgeon’s evaluation consists of seven domains: effusion,
passive motion deficit, ligament examination, compartment
findings, harvest site pathology, x-ray findings, and functional
testing. The first three receive scores while the remaining
domains are used qualitatively in the perioperative setting.
These measures are used in conjunction with documentation
of surgical methodology and histologic grading.

Clinical Examination

Knee chondral pathology may be initially diagnosed on history
and physical exam in the patient who presents with mechanical
symptoms including catching, locking, and crepitus. Patients with
significant isolated chondral defects, however, may also present
with less focal knee pain and recurrent effusions. The clinician
must have a high index of suspicion in this patient to precisely
diagnose a chondral defect. On examination, flexion of the joint
may cause tenderness in the weight-bearing portion overlying the
defect. Pain elicited at 30 degrees of flexion corresponds with
the tibial spine coming into contact with the lateral aspect of the
medial femoral condyle as is typical in OCD and OCF lesions.
Wilson’s sign is described as pain elicited on examination by
internally rotating the tibia during knee extension between 30
and 90 degrees and subsequent relief with external rotation.
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ICRS Grade 0 - Normal ICRS Gradel - Nearly Norma
1
A B

Superﬁcia lesions. Soft inentation {(A) andfor superficial
fissures and cracks (B)

ICRS Grade lll- Severely Abnormal
B

Lesions extending down to
<50% of cartilage depth

Cartilage defects extending down >50% of cartilage depth
{A) as well as down to calcified layer (B) and down to but not through
the subchondral bone (C). Blisters are included in this Grade (D)

ICRS Grade IV- Severely
Abnormal

FiG. 2.16. (A) International Cartilage Repair Society (ICRS) classification systems for articular cartilage and osteochondritis dissecans
(OCD). (B) ICRS OCD I: stable, continuity; softened area covered by intact cartilage. (C) ICRS OCD II: partial discontinuity, stable on prob-
ing. (D) ICRS OCD III: complete discontinuity, “dead in situ,” not dislocated. (E) ICRS OCD IV: dislocated fragment, loose within the bed
or empty defect. (From Brittberg,'®> with permission of ICRS.).
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At this position of internal rotation, the tibial eminence comes
in contact with the OCD lesion in the medial femoral condyle,
resulting in a positive pain response.'®*

The clinician must consider articular cartilage pathology as
well as the possibility of an osteochondral fracture in cases
of trauma and an acutely painful knee particularly if a hem-
arthrosis is present. Hardaker et al.'** evaluated 132 acutely
injured knees associated with hemarthrosis. They found 8%
of all patients had an isolated osteochondral fracture and 16%
of all patients who presented with ACL tears had associated
hyaline cartilage damage. An injury that transmits axial and
rotational force to the knee joint (e.g., planting/twisting injury
as occurs with an ACL tear) can result in a chondral injury.
In addition, following direct trauma to the anterior knee area,
patellofemoral joint (dashboard knee) injury is commonly
associated with chondral impaction. In general, osteochondral
fractures in the knee are noted to occur in approximately 4%
of all trauma.'*® These patients with chondral impaction injury
may be overlooked since plain radiographs may not usually
define the true extent of the injury.

Treatment Options

Current treatment options include operative as well as nonop-
erative methods. Nonoperative treatment options for articular
defects include the use of steroid injections, antiinflammatory
medications, and bracing. In addition, physical therapy may be
prescribed for conditioning and inflammation reduction. The
biosurgical treatment options for articular cartilage defects
have been rapidly evolving. Operative treatments include
marrow stimulation, osteochondral autograft transplantation
(OAT), osteochondral allograft transplantation, ACI, and
more recently the use of bioresorbable synthetic scaffolds.
Many investigators have attempted to enhance the healing of
articular cartilage by drilling, abrading, or microfracturing the
subchondral bone. Chondral injury that does not penetrate the
underlying subchondral bone has resulted in an unpredictable
or absent healing response, while those defects that involve
violation of the subchondral bone may result in a fibrous tis-
sue healing scar repair response characterized by proliferation
of type I collagen.'®-1¢” By perforating the subchondral plate,
marrow stimulation can release marrow elements and increase
exposure to inflammatory cells, mesenchymal stem cells, and
cytokines that are effective in spontaneous repair.'®® A recent
prospective study by Mithoefer et al.!® showed significant
functional improvement in the use of microfracture in 48
patients with isolated full-thickness articular cartilage defects.
Clinical evaluation at an average follow-up of 48 months
resulted in 67% of patients reporting good to excellent results,
with 25% reporting fair and 8% poor. The defects were also
evaluated by assessment of defect filling on MRI; good defect
filling was found in 54% of patients, with moderate fill in 29%
and poor fill in 17%. The authors found that defect fill on MRI
corresponded to functional scores with improved function in
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those with higher fill grade. Images are provided below as a
demonstration of the use of MRI in the evaluation of healing
after microfracture (Fig. 2.17).

Osteochondral autograft transplantation is a method for
transferring cylindrical plugs of native hyaline tissue includ-
ing the underlying bone tissue from a less loaded region of
the knee to the symptomatic lesion site via arthrotomy or
arthroscopically. There are a number of proprietary systems
available such as MosaicPlasty (Smith and Nephew, Ando-
ver, MA), OATS (Osteochondral Autograft Transfer System,
Arthrex, Naples, FL.) and COR (Consistent Osteochondral
Repair, Depuy Mitek, Raynham, MA). The technique has been
shown to result in transfer of viable hyaline tissue that can be
securely press-fit into the defect and provides a predictable
source of zoned hyaline-like tissue using a relatively less inva-
sive method with a shorter term healing site profile'’*!"! (Fig.
2.18). Several studies have reported good results, with 79% to
92% of patients (depending on the treated defect site) reporting
clinical improvement at intermediate—term follow—up.!7>-17

Gudas et al.'”> compared osteochondral autograft transplan-
tation with microfracture in a randomized prospective clini-
cal trial in 57 athletes. Over a 3-year period, 96% of patients
undergoing the OAT procedure had good or excellent results
compared to 52% of patients undergoing microfracture; 93%
of OAT patients returned to preinjury athletics at a mean of
6 months compared to 52% of microfracture patients. The
use of autograft offers a technique with no risk of rejection or
disease transmission. The disadvantages include size limita-
tions in transplanting osteochondral autograft to adequately
fill large defects, raising concern over donor-site morbidity.!”
In addition, the technique can be challenging, and technical
errors may lead to suboptimal results."” Figure 2.19 displays
an MRI of a failed OATS procedure. Osteochondral allograft
transplantation is a technique that can be used as a salvage
procedure for resurfacing larger lesions without concern for
donor-site morbidity. The osteochondral allografts can be
obtained fresh or cryopreserved and are sized and shaped to
match the defect in the recipient.

Gross et al.!”® reported on a 95% 5-year survival (85% at 10
years) of fresh femoral condylar allograft in 60 patients. They
also showed a 95% 5-year, 80% 10-year, and 65% 15-year
survival rate in 65 patients who received fresh tibial plateau
allograft. Jamali et al.'” demonstrated improvement in pain,
function, and range of motion, and a lower risk of progression
to arthritis in 18 patients receiving fresh osteochondral
allografts in treatment of patellofemoral joint defects.

Until recently, few studies compared osteochondral allograft
to autograft in treatment of articular cartilage pathology.
Glenn et al.'® demonstrated that osteochondral autograft
and allograft transplants performed on the medial femoral
condyles of 18 canine models did not significantly differ in
gross, histologic, biomechanical, radiographic or MRI evalua-
tion at 3 or 6 months. The use of allograft would alleviate the
problem of donor-site morbidity often found in osteochondral
autograft transplantation, and therefore larger grafts may be
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FiG. 2.17. (A) Axial proton density MRI, (B) Sagittal proton density fat suppressed MRI and (C) Sagittal proton density MRI of a 15 year old
male after microfracture of a patella chondral defect. Note the presence of fibrocartilage (arrow) filling the defect.

used (Fig. 2.20). However, osteochondral allograft transplan-
tation is associated with certain disadvantages, including the
potential for disease transmission, graft rejection, cost issues,
and procurement limitations.

Autologous chondrocyte implantation is a cell-based
technique in which autologous chondrocytes are harvested
arthroscopically, then cultured and expanded ex vivo for sev-
eral weeks, and then implanted beneath a periosteal patch
via arthrotomy during a second surgery (Carticel, Genzyme

Corp., Cambridge, MA). Autologous chondrocyte implanta-
tion has been reported to result in hyaline-like tissue with
durable clinical and biomechanical results noted in 84% of
cases and survivorship at extended follow—up.!®-13% Post-
operatively, a successful result will show incorporation of the
newly implanted tissue, a flush surface, good volume filling,
and mild edema (Fig. 2.21). A more recent study, however,
found that at 2-year follow-up in patients treated with ACI
who underwent follow-up second-look tissue biopsies, only
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B

FiG. 2.18. (A) Sagittal short-tau inversion recovery (STIR). (B) Sagittal proton density sequences demonstrate transplanted autogenous osteo-
chondral plugs within the medial femoral condyle at 5 months postoperatively.

39% of the treated defects were noted to be filled with hyaline
cartilage, while 43% were noted to be filled with fibrocartilage
and 18% with no healing tissue response at all. These histo-
logic results were noted to be similar in a controlled compari-
son treatment study group that underwent microfracture, and
both patient cohorts (at 2-year follow—up) had similar clinical

outcomes.'® In this study, only two of 40 ACI patients expe-
rienced graft failure compared to one microfracture patient;
however, arthroscopic debridement was performed in 10 of 40
(25%) ACI patients for tissue hypertrophy compared to only
four (10%) in the microfracture group.'®® Failure of ACI is
evident on MRI by intense marrow edema, bony overgrowth,

FiG. 2.19. (A) Coronal T1-weighted post sequence and (B) Coronal STIR sequence pre—intraarticular contrast (MR arthrogram) transplant

(arrow) of an OCD lesion of medial femoral condyle.
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B

F1G. 2.20. (A) Sagittal proton density (PD)-weighted sequences and (B) Sagittal STIR weighted sequences status post—osteochondral allograft
transplant of focal lateral femoral condyle osteonecrosis.

A B
FiG. 2.21. (A) Coronal proton density sequence. (B) Sagittal PD fat suppressed sequence status post—successful osteochondral allograft
(arrow) of the medial femoral condyle.
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periosteal hypertrophy including a depressed or disrupted
periosteal graft, and a fissured or gapped interface between
the repair tissue and native tissue.

More recently, synthetic bioresorbable scaffolds have been
introduced to treat osteochondral defects in the knee. Multiple
scaffold designs have been cited in the literature.'*-'3 A biore-
sorbable synthetic scaffold design that we have had success with
is the TruFit Bone Graft Substitute Plugs (Osteobiologics, San
Antonio, TX). These bioresorbable constructs are highly porous
and are composed of a polylactide glycolide copolymer and cal-
cium sulfate base. These cylindrical implants are effective in fill-
ing osteochondral defects and have been used as an adjunct for
microfracture to augment a more congruent surface. Figure 2.22
shows an MRI of a knee following repair of an articular cartilage
lesion with a bioresorbable synthetic scaffold.

The advent of new technology and molecular medicine
in orthopedics continues to introduce the possibility of new
surgical treatment options. Gene-modified therapy and tissue
engineering hold great promise; they have the ability through
gene transfer to deliver a therapeutic protein to a target cell
or tissue in order to induce cells or tissue to engage in repair
or regeneration and amplify healing. Various approaches may
be taken using human recombinant gene models.®*'* One
approach includes the selection and transduction (or transfec-
tion) of a candidate gene that selectively codes for expression
of a specific therapeutic protein that would hypothetically
contribute to articular cartilage repair or regeneration by act-
ing on chondroprogenitor cells. Once the gene has transduced
the target cell, it would then function as a source of the thera-
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peutic protein or bioactive factors, which upon their release
would result in a higher quality structural repair tissue.

Another future trend on the horizon includes the application
of anabolic factors to enhance repair. Basic science investi-
gation has been reported on methods to introduce bioactive
peptides onto scaffolds. Biologic materials that are being
investigated include bone morphogenic protein (BMP) 2 and 7
and platelet-rich plasma. Through the use of gene therapy, the
precise identification, delivery, and enhancement of growth
factors and cytokines such as insulin-like growth factor-I
(IGF-]), platelet-derived growth factor (PDGF), and trans-
forming growth factor-f3 (TGF-3) have been associated with
promising laboratory results. With the use of gene-modified
tissue engineering, the future seems to point toward a more
biologically based treatment approach.

Clinical Application of Roentgenograms
and Magnetic Resonance Imaging

The use of radiographic images is an integral part of the clinical
approach to evaluate articular cartilage pathology. However, plain
radiographs remain limited and are not sensitive enough to be
used for evaluation of certain articular cartilage lesions. A recent
study by Wright et al.'”® demonstrated in 349 patients present-
ing with knee pain that standing anteroposterior and 45-degree
posteroanterior x-rays both have reduced sensitivity in detect-
ing grade I or II type articular cartilage lesions when evaluated
arthroscopically. Magnetic resonance imaging has a more

A

B

FiG. 2.22. (A,B) Sagittal PD-weighted sequence after successful postoperative resorbable copolymer scaffold placement (arrows).
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precise application in evaluation and detection of articular car-
tilage. Conventional MR sequences depict normal articular car-
tilage as a homogeneous intermediate signal intensity, whereas
high-resolution MR can be used to assess the individual layers
of the cartilage and structural abnormalities. Understanding and
accurately interpreting the appearance of articular cartilage on
MRI on different imaging sequences requires an understanding
of the zones of articular cartilage. For articular cartilage lesions
in particular, higher field—strength scanners (1.5 T or newly clini-
cally available 3.0T) are necessary, whereas the in-office 0.2-T
scanners are not yet reliable.* It is important that the orthope-
dist communicate clinically correlative information with the
musculoskeletal radiologist, as articular cartilage lesions are
likely to be overlooked on traditional MRI sequences, whereas
cartilage specific sequences are more sensitive.’** Magnetic
resonance imaging can be extremely useful to the orthopedist in
accurately depicting the location of the lesion, as well as the size,
depth, stability, and character of the lesion, and play a role in
therapeutic decision making and surgical planning.

More recently, studies have shown that MRI may also be a
valuable tool to evaluate the integrity of treated articular lesions
postoperatively. It is not only being used as means to identify
and classify the lesion itself, but also has been shown to suc-
cessfully evaluate the lesions following surgical intervention
and validate the repair.'* Information following surgical inter-
vention may differ depending on the procedure performed.
The use of MRI to evaluate defects following microfracture
is based on assessment of surface morphology as well as fill
defect and subchondral marrow edema.!?”!*8 Early in the post-
operative period, marrow edema may be prevalent, and hyper-
intense signal changes are evident that dissipate over time.

Following osteochondral autograft, the surgeon is most con-
cerned with evaluation of the incorporation of the transplanted
plugs, the nature of the bone, the defect fill, and any associated
cyst, clefts, or fluid dissection identifying morphologic changes.
High-resolution FSE proton density and fat-suppressed 3D SPGR
sequences have proven effective in assessing vascularity, identi-
fying repair tissue, and assessing the plugs relationship to sur-
rounding articular cartilage and bone. However, fat-suppressed
3D SPGR sequences have the potential disadvantage of increased
artifact susceptibility related to metallic debris.'”'* Magnetic
resonance imaging may also be applicable following autologous
chondrocyte implantation, providing evaluation of the surface
contour of the repair, the volume of defect filling, integration of
repair tissue, and periosteal graft.’”’?® While the ability to evalu-
ate the morphologic changes of the repair is quite valuable to the
surgeon, the functional importance of signal changes, specifically
associated with marrow edema, is still to be determined.

Algorithm

Clinical practice guidelines are useful to determine who should
be treated nonoperatively and who should be treated surgically
(Table 2.6). Strict use of indications in clinical practice may

TABLE 2.6. Surgical indications to repair articular cartilage lesions.

1. Acute traumatic lesions 21 cm? in diameter

2. Focal nondegenerative lesions and cases without history of gout,

rheumatoid disease, sepsis, and systemic disease

3. Distal femoral condyle and trochlea lesions

4. Symptomatic grade IV lesions and grade 2, 3 and 4 OCD lesions

(ICRS classification)

5. Associated lesions in active patients undergoing associated
procedures (ACL, high tibial osteotomy, or meniscal allograft
replacement)

. Aligned, stable, and meniscal intact knee

. Symptomatic patients after a failed prior cartilage resurfacing procedure

. Body mass index less than 25 to 30

. Rehabilitation compliance

Nelie BEN IeN

not always be helpful, in that many clinical case scenarios do
not precisely fit the model. Nonetheless, indication guidelines
may serve as a reference from which an organized approach
can be employed. One clinical approach to the patient with an
articular cartilage lesion that considers both the lesion qual-
ity and patient profile is described in Table 2.7. The clinical
guideline takes into account patient preferences, functional
assessment and goals, history, physical exam, diagnostics,
lesion definition, and rehabilitation compliance. Figure 2.23
is an algorithm that we use in conjunction with the patient
profile described above.

Clinical Summary

The clinical approach to focal articular cartilage defects starts
with precise assessment of symptoms and diagnosis, sort-
ing out associated pathology, and determining whether all
abnormalities should be treated at the index procedure or in
stages. Nonoperative measures are always considered and
carried out prior to surgery and concurrent with treatment
counseling regarding various risks versus benefits, potential
complications, prognosis, and outcomes, as well as natural
history. Lesion size as determined on MRI or at the time of
arthroscopic assessment is important; most symptomatic
lesions over 100 mm? are appropriate for operative interven-
tion.?*'-2% Perimeter integrity and lesion containment are also
important to consider, as a shouldered focal lesion may be
associated with different rim stress loading profiles than less
contained defects.?”

Extremity mechanical axis alignment, physiologic and
chronologic age, body mass index, and the potential pre-
sentation of early focal degenerative joint disease without
history of correlative trauma should be taken into account.
Site is a consideration, as certain patellofemoral lesions
may have a different symptomatic presentation than femoral
condylar lesions. Other factors include whether the patient
is attempting to return to high-impact sports, work, or func-
tional activities. Decision making regarding surgical options
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TaBLE 2.7. Clinical patient profile practice guideline for surgical treatment of focal articular cartilage lesions in the knee.

A. PATIENT PREFERENCES
1. FUNCTIONAL RATING
Manual labor/high-impact activities/competitive sport goals
YES: TREAT; NO: MONITOR
2. DEFINED SYMPTOMATOLOGY
Symptomatic/pain/effusion/mechanical complaints
YES: TREAT; NO: MONITOR
3. REHABILITATION COMPLIANCE
Patient acceptance of recovery time
YES: TREAT; NO: MONITOR
B. HISTORY ANALYSIS
1. TRAUMATIC
Acute defined traumatic lesion versus degenerative lesion
YES: TREAT; NO: MONITOR

2. FAILED PRIOR PROCEDURE FOR FOCAL LESION (no prior associated complications)

Failed debridement, marrow stimulation, osteochondral transfer, ACI
YES: TREAT; NO: MONITOR
C. PHYSICAL EXAMINATION
1. WEIGHT AND CONCOMITANT PATHOLOGY

Body mass index less than 25 to 30/mechanical axis not within affected compartment/ligament stability/ipsilateral meniscus more than two thirds intact

YES: TREAT; NO: MONITOR AND/OR CORRECT
2. AGE-ASSOCIATED MEDICAL CONDITIONS

<55 years/no significant associated medical history including infections, collagen vascular or metabolic disorders

YES: TREAT; NO: MONITOR
D. DIAGNOSTICS/LESION DEFINITION

1. PREOPERATIVE IMAGING DEFINES LESION
Symptoms and radiographic diagnostic studies are correlated
YES: TREAT; NO: MONITOR

2. LESION PATTERN
Focal pattern defined versus diffuse, degenerative and/or bipolar lesions
YES: TREAT; NO: MONITOR

3. LESION SITE
Weight-bearing sites, condyle >trochlea > patellar >plateau
YES: TREAT; NO: MONITOR

Source: Sgaglione and Abrutyn,'” with permission.

is dependent on patient goals, expectations, compliance
with rehabilitation, tolerance, expectation, and perception
of methodology and prognosis. Finally, surgeon preference
will be shaped by experience, the patient’s comorbidities,
and in certain cases reimbursement and regulatory issues.
By and large, most procedures at this time have limited con-
trolled comparison data to support clear-cut advantages of
one method over another. It is therefore essential to consider
a multitude of factors when reviewing treatments. There are
many treatment options that the orthopedist may employ
in treating articular cartilage lesions and most often more
than one technique may be acceptable for any given lesion
(Fig. 2.24).

Future of Magnetic Resonance Imaging
and Articular Cartilage

There has been extremely rapid growth in the field of radi-
ology, particularly with the technologic advances in MRI.
Magnetic resonance imaging manufacturers are consistently

introducing faster and stronger imaging equipment, allowing
the radiologist to achieve better image quality, with higher
image contrast and resolution, while decreasing acquisition
time and reducing the probability of artifact related to patient
motion. Manufacturers have recently introduced the 3.0-T
MRI; however, these units are not readily available to most
community-based orthopedic surgeons. Higher field strength
will provide more detailed evaluation of articular cartilage
based on a greater signal-to-noise ratio, keeping other variables
equal. However, clinical observations have revealed that due
to the intrinsic properties of articular cartilage, most notably
increased T1 relaxation time, and relative increase in chemical
shift artifact, improvement in image quality has been limited.
Another new device, joint specific radiofrequency coils, is not
yet widely available to operate with high field strength imag-
ing systems, further limiting our potential to increase image
quality.

As MRI technologies improve, clinical applications,
access, and overall acceptance is likely to follow. It is reason-
able to predict that in the near future, routine MRI of articular
cartilage injuries will improve in detail and will become as
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FEMORAL CONDYLE / TROCHLEA FOCAL LESIONS
SIZE AS DETERMINED ON FAST SPIN ECHO MR OR DIAGNOSTIC ARTHROSCOPY
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Fi1G. 2.23. Algorithm of surgical indications for articular cartilage repair. BMI, body mass index; CVD, cardiovascular disease; RA, rheuma-

toid arthritis. (From Sgaglione and Abrutyn,'” with permission.).

VISCOSUPPLENVENTATION

' ALLOGRAFT

DEBRIDEMENT & LAVAGE

FiG. 2.24. Tllustration of surgical possibilities for articular cartilage
damage. ACI, autologous chondrocyte implantation; CPT, compart-
ment; HTO, high tibial osteotomy; MFx, microfracture; OA, osteo-
arthritis; OAT, osteochondral autograft transplantation; TKR, total
knee replacement.

integral a part of the postoperative assessment as it is for the
preoperative diagnosis.

Newer molecular imaging techniques are being used to
target the biochemical and structural properties of articu-
lar cartilage, such as dGEMRIC and T2 mapping, which
are based on the extracellular matrix contents, electrical
interaction between contrast agents and negatively charged
proteoglycans, and type II collagen stratification.?*2% The
technique of dGEMRIC relies on an intravenous contrast-
based MRI technique based on the premise that negatively
charged proteoglycans are altered and reduced following
articular cartilage degeneration, leaving a more positively
charged joint surface; negatively charged gadolinium con-
trast should theoretically adhere to the sites of pathology.
After a delay, T1-weighted measurements are performed,
taking advantage of the T1-weighted properties of gadolin-
ium, the contrast agent. Unfortunately, a limitation of this
technique is that we cannot be certain that the distribution of
contrast within the depleted cartilage tissue is solely based
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on these electrical charge interactions. Injured tissue typi-
cally receives increased blood flow and contrast enhance-
ment may be multifactorial.

Another promising imaging technique, referred to as T2
mapping, evaluates articular cartilage structure quantitatively
based on the relative T2 relaxation times, which differ based
on collagen orientation, zone stratification, water content, and
patient age. This method potentially allows for a numerical
as well as visual (using digital color maps) determination of
structural integrity of chondral surfaces. T2 values are lower in
the deep zone of articular cartilage where collagen orientation
is perpendicular to the subchondral bone. In the transitional
zone, T2 values increase potentially due to change in structure
and collagen orientation, which tends to be more random. T2
values are highest in the superficial zone, where collagen ori-
entation is parallel to the surface. Another variable to consider
is the orientation of fibers relative to the orientation of the mag-
netic field (BO). As the distance from B0 increases, TR values
increase up to a certain threshold (approximately 55 degrees),
commonly referred to as the magic angle effect. Increasing T2
values also correspond to areas of cartilage degeneration and
injury, and researchers are applying this method of evaluating
articular cartilage, which includes visual colored “maps” cor-
responding to areas of degeneration and injury.?” Comparison
with normal studies allows us to numerically define the extent
of degeneration/injury.

Another developing technique is the use of sodium rather
than hydrogen as a potential method in evaluating proteo-
glycan content. It also functions based on the charge charac-
teristics. Wheaton et al.?® demonstrated the ability to assess
proteoglycan depletion in knee articular cartilage of pig mod-
els with reliable results. However, this technique does require
more sophisticated MRI equipment, takes longer, and has
lower signal-to-noise ratio.!**?% These new applications allow
us to detect changes in the structural integrity of articular car-
tilage, which to this point we have extrapolated based on MRI
appearance. They all represent evolving and potentially sig-
nificantly more accurate and precise methods to diagnose and
define articular cartilage pathology, tissue repair response,
and clinically correlative validation of symptoms, outcomes,
and lesion resurfacing. 3190205210

Conclusion

The treatment of articular cartilage pathology continues to be an
area of great interest and attention in orthopedic surgery. Evolv-
ing clinical approaches and surgical techniques have height-
ened the need to more precisely define treatment indications
and better assess postoperative healing. The use of articular car-
tilage—specific MRI will continue to play a role in the decision
making regarding these lesions. Radiographic evaluation with
the use of MRI continues to improve exponentially, and with
finer detail being achieved, MRI is quickly becoming the gold
standard in evaluation of articular cartilage defects.
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A. Radiologic Perspective: Patterns of Bone Marrow Edema Based

on Mechanism of Injury

Sailaja Yadavalli and Donald Resnick

Today magnetic resonance imaging (MRI) of the knee is widely
used after an acute traumatic event to assess for soft tissue injuries
and occult fractures.' Complex injuries of the knee are rarely due
to complete disruption of a single ligament without either micro-
scopic or macroscopic changes in one or more of the supporting
structures. Bone marrow edema is also frequently encountered
with these injuries. The pattern of ligamentous disruption and
bone marrow edema depends on the type and direction of force
causing the injury.>” This chapter discusses the various patterns
of bone contusion and correlates each to a specific mechanism of
injury. A thorough understanding of this relationship is impor-
tant, as it is a valuable predictor of associated soft tissue injuries.

Restraints to Joint Motion

The muscles, ligaments, tendons, and menisci around the knee
are the main stabilizers of the joint.* The supporting structures
around the knee provide primary and secondary resistance
against the forces acting on the joint. Primary resistance to ante-
rior and posterior tibial translation is provided by the anterior
and posterior cruciate ligaments, respectively. The lateral col-
lateral ligamentous complex is the primary resistor of a varus
force, whereas the medial collateral ligament acts to resist
motion when a valgus force is applied. In the case of hyperex-
tension forces, the posterior cruciate ligament acts as the main
restraint. With the femur in a fixed position, the primary resis-
tance to forces that cause internal and external rotation of the
tibia is provided by the lateral and medial collateral ligaments,
respectively. In addition, depending on the type and magnitude
of the applied force, other supporting structures may come into
play as secondary resistors. The primary and secondary resis-
tors to stress exerted on the knee joint are detailed in Table 3.1.

Pathogenesis of Knee Injury

The types of forces applied to the knee that cause injury are
divided into external (or direct) and internal (or indirect).

As the name suggests an external force originates outside
the patient and is a factor of the environment in which the
injury occurs (i.e., environmental force). External forces act-
ing on the knee may take the form of a direct blow or an
impact when the knee strikes a hard and unyielding object.
The location, direction, and magnitude of the external force
and the position of the knee at the time of application of the
stress are the main determinants of the pattern of injury that
occurs. External forces may be applied above, at, or below
the knee joint. Internal forces refer to a bone striking against
bone during a traumatic event. It is important to note that
external and internal forces need not occur in conjunction
with each other for a complex injury to occur. Thus, during
an injury, external forces alone, internal forces alone, or both
types of forces may occur. These forces can cause hyperex-
tension, axial loading, translation, angulation, or rotation of
the tibia with respect to the femur. The type of injury also
depends on whether the knee is in flexion or extension at the
time the force is applied and the degree to which it is bent.
Injuries to the knee due either to one type of force alone or to
a combination of both direct and indirect forces can be seen
in accidents and sports that involve a quick change of direc-
tion of motion, or a significant amount of contact between
players, or falls. Examples of such sports include soccer,
American football, skiing, and ice hockey.

Injuries to bones can range from gross fractures to trabecular
microfractures manifest as bone bruises. In the case of environ-
mental forces acting on the knee, associated soft tissue edema
may also be present and can be seen on MRI in the acute stage.
However, bone marrow edema is known to last over a long
period, ranging from weeks to years in some rare instances. The
internal forces can be classified into three types: (1) those that
cause impaction due to axial loading, (2) shear forces that occur
with rotational motion of the joint, and (3) tensile forces that
cause avulsion type injuries. Axial loading can result in wedge
or subchondral fractures or cartilage defects. Bone bruising is
worst with impaction type injuries and usually affects a large
area (Fig. 3.1A).° It is least prominent and more focal with
avulsion of ligaments or tendons. Most often no bone marrow
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TaBLE 3.1. Primary and secondary restraints to knee joint motion with their relation to applied stress.

Motion

Primary restraint

Secondary restraint

Anterior translation
Posterior translation
Varus (medial to lateral)

Valgus (lateral to medial)
Internal rotation (with fixed femur)

External rotation (with fixed femur)

Hyperextension

Anterior cruciate ligament
Posterior cruciate ligament
Lateral collateral ligament

Medial collateral ligament
Lateral collateral ligament, popliteus

Medial collateral ligament

Posterior cruciate ligament

Major: medial collateral ligament

Minor: lateral collateral ligament, posterior
capsule

Minor: medial collateral ligament

Major: posterior capsule

Minor: anterior and posterior cruciate ligaments

Minor: anterior and posterior cruciate ligaments

Major: anterior cruciate ligament

Minor: posterior capsule

Major: posterior cruciate ligament

Minor: posterior capsule

Major: anterior cruciate ligament, posterior
capsule

A

FiG. 3.1. Patterns of bone marrow edema with impaction and distraction. (A,B) Coronal fat-suppressed intermediate-weighted (repetition
time/echo time [TR/TE], 5200/55) turbo spin echo magnetic resonance imaging (MRI) in a 28-year-old woman with anterior cruciate liga-
ment tear (white arrow in A) show extensive bone marrow edema in the lateral tibial plateau (white asterisk) and medial tibial plateau (black
asterisk) due to impaction type injury. In contrast, no bone marrow edema is seen in the medial femoral condyle with avulsion of the medial

collateral ligament (white arrow in B) at its femoral attachment.

edema is seen with distraction type injuries (Fig. 3.1B). These
last injuries are therefore easily overlooked during interpreta-
tion of an MRI examination.’

Patterns of Bone Marrow Edema Classified
by Mechanism of Injury

To establish a relationship between the pattern of bone mar-
row edema seen on magnetic resonance (MR) studies and
the mechanism of injury, one should keep in mind that mul-
tiple forces are in play on a joint in motion at the time of
injury, and imaging is accomplished later when the knee is
usually in extension and static. This section discusses vari-
ous scenarios causing knee injuries and the associated bone
contusion patterns.

External Varus or Valgus Injuries

Pure varus or valgus forces (Fig. 3.2) are environmental
stresses that cause impaction-type injury at the site of entry
with associated focal bone marrow edema and a distraction
type of injury on the opposite side of the joint. In essence
these are coup-contrecoup types of injuries. Contrecoup injury
may also result in a mild impaction on the opposite side of
the applied force as the knee reduces after the initial, coup
phase of the injury. The bone marrow edema associated with
the contrecoup impaction forces is typically not as extensive
as that caused by the primary force.

Pure varus stress acts in a medial to lateral direction (Fig.
3.3). The resulting osseous injury on the medial side is vari-
able, ranging from minor bone contusion to fracture (Fig.
3.3B). With a varus external force, tensile forces act on the
lateral aspect of the knee and the lateral ligaments are at risk.
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Fi1G. 3.2. Valgus force illustration shows an external valgus force (large
straight arrow) applied to the lateral aspect of the knee. The lateral
femoral condyle strikes the lateral tibial plateau (short straight arrows)
resulting in bone contusion along the impacting surfaces (shaded
regions). Distraction forces act on the opposite side (double arrow)
with avulsion of the medial collateral ligament (curved arrow) at its
femoral attachment. (Courtesy of Sailaja Yadavalli, MD, PhD.).

Bone marrow edema may be seen on the lateral side (Fig. 3.3)
as the knee assumes a valgus alignment during the contrecoup
portion of the injury. A pure varus injury is rare due to the
inherent protection of the medial aspect of the knee by the
other extremity.

A pure valgus injury may be seen in what is known as a clip
injury in American football, in which a player’s helmet hits the
lateral aspect of another player’s knee with the knee in mild
degree of flexion.!® Bone contusion due to direct blow is seen in
the lateral femoral condyle (Fig. 3.4) and lateral tibial plateau.
Edema may be seen in the medial femoral condyle or medial
tibial plateau, or in both, due to a contrecoup type of impaction
and at the attachments of the medial collateral ligament due to
avulsion.!""> The ligament itself may suffer a mild partial or a
complete tear (Fig. 3.4). Bone injuries on the entry side of force
may have a wide spectrum with minimal bruising to severe frac-
tures. If internal forces come into play, with axial loading, sig-
nificant fractures such as wedge or depression fractures of the
tibial plateau may result. In the absence of an obvious wedge
fracture it is important to look for subtle osteochondral injuries
associated with the bone marrow edema.

Hyperextension Injuries

These injuries result when an environmental force is applied
to the anterior aspect of the knee with the joint in a fully
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extended position. Examples include a pedestrian being hit by
a car bumper and a helmet hitting a player along the anterior
aspect of the joint with the knee in a locked position. This
type of injury causes contiguous areas of bone marrow edema,
with the anterior aspect of the femoral condyle striking the
anterior aspect of the tibial plateau. These are also known as
“kissing” contusions. The force exits through the posterior
aspect of the joint and, depending on the severity of the force,
tears of the posterior cruciate ligament and posterior capsule
will result.'®!” In extreme cases, after tearing of the posterior
cruciate ligament and capsule, posterior tibial translation and
dislocation may also occur. In these cases special attention
should be given to evaluation of the posterior neurovascular
structures.'®

With the knee in hyperextension a varus force causes bone
bruising in the anteromedial region (Fig. 3.5) and the exit-
ing force disrupts supporting structures in the posterolat-
eral aspect of the joint.!” A valgus force with the knee fully
extended results in bone injury to the anterolateral aspect (Fig.
3.6), and tensile forces cause soft tissue injury in the postero-
medial corner of the joint. A close inspection for chondral
and subchondral fractures is essential (Fig. 3.6). These are
severely debilitating injuries, as the structures in the postero-
medial and posterolateral corners are the major resistors to
rotational motion.

Hyperflexion Injuries

With the knee in flexion the posterior aspect of the femoral con-
dyle comes in contact with the tibial plateau. When the knee
is imaged in extension, the regions of bone marrow edema in
the femoral condyle and the tibial plateau are not contiguous.
The exact location of bone contusion in the femoral condyle
depends on the degree of flexion at the time of injury (Fig.
3.7). The pattern of soft tissue injury depends on whether an
external force is acting at the same time, the magnitude of the
force, and the existence of any component of rotation.

An example of hyperflexion injury is when the dashboard
strikes the anterior aspect of the proximal tibia with the knee
in a flexed position during a head-on collision, also know as
a dashboard injury (Fig. 3.8). The magnitude of the applied
force is usually quite significant, and extensive bone marrow
edema is seen in the anterior tibial plateau. The impact causes
the tibia to translate posteriorly and the first ligament to fail is
the primary resistor to posterior translation, namely the poste-
rior cruciate ligament (Fig. 3.8).2%2! With the knee in a flexed
position, the patellar tendon is taut and an avulsion injury at the
inferior pole of the patella may also be seen (Fig. 3.8C). As the
force exits along the posterior aspect of the femorotibial joint,
disruption of posterior capsule may also result (Fig. 3.8C). If
the point of contact is higher, osteochondral injuries or fractures
of the patella may also occur. In general, the anterior cruciate
ligament is not injured, as it is lax with the knee in flexion (Fig.
3.8D). With extreme forces, posterior dislocation of the tibia
causes rupture of multiple ligaments and tendons.
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FiG. 3.3. Pure varus injury. External force applied to the medial side of the knee, either to the femur or the tibia or both, results in a pure
varus type injury as seen in this 24-year-old man who was struck by a car 1 month prior to the MRI. (A) Coronal fat-suppressed intermediate-
weighted (TR/TE, 5600/52) turbo spin echo MRI shows bone marrow edema in the medial femoral condyle and medial tibial plateau along
the site of impact (arrowheads). Mild bone marrow edema in the lateral tibial plateau (arrow) is due to contrecoup type injury. (B) Coronal
proton density (TR/TE, 1100/12) spin echo MR image shows a fracture of the medial tibial plateau with a slightly displaced fragment (arrow).
This illustrates the importance of non—fat-suppressed images in the detection of fractures that may be easily overlooked on the fluid sensitive
sequences. (C) Axial fat-suppressed intermediate-weighted (TR/TE, 2640/50) turbo spin echo MRI shows bone marrow (asterisk) and associ-
ated soft tissue edema (arrowhead) to be broad-based with focal edema in the posterior aspect of lateral tibial plateau (arrow).

Rotational Instability

The vertical axis of the knee normally passes near the center
of the joint (Fig. 3.9). To understand rotational instability the
tibial plateau is divided into four quadrants (Fig. 3.9). With
disruption of any of the supporting ligaments, the axis of the
knee shifts along the anterior to posterior line, the medial to
lateral line, or into one of the four quadrants.?>? Shift along
a straight line leads to medial, lateral, anterior, or posterior

instability. Alternatively, rotational, or combined instability is
the result of movement of the axis into one of the quadrants.
These are also known as pivot shift injuries. Rotational inju-
ries, with the knee in some degree of flexion, are an important
cause of anterior cruciate ligament rupture. By convention
these combined type of injuries are described as rotation of
the tibia with respect to a fixed femur, even though many of
these occur with the foot planted firmly, that is, with a fixed
tibia and a rotating femur.
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FiG. 3.4. Pure valgus injury. External forces when applied to the lateral aspect of the knee can cause pure valgus injury as seen in this
22-year-old woman who was kicked while playing soccer. (A) Bone contusion is seen in the lateral femoral condyle (asterisk) in this coronal
fat-suppressed intermediate-weighted (TR/TE, 2800/45) turbo spin echo MRI. Avulsion of the medial collateral ligament (arrow) at its femo-
ral attachment is noted, compatible with a distraction type injury. (B) Axial fat-suppressed proton density (TR/TE, 3100/15) turbo spin echo
MRI shows broad-based bone marrow edema in the lateral femoral condyle (asterisk) with subjacent soft tissue edema (arrowhead) at the site
of impaction. The medial collateral ligament is split and thickened (arrow).

Anteromedial Rotary Instability (AMRI)

An important mechanism of rupture of the anterior cruciate
ligament (Fig. 3.10) is a valgus force applied to a mildly flexed
knee with external rotation of the tibia. With the disruption of
this important restraint the tibia translates anteriorly and the
posterior portion of the lateral tibial plateau comes in contact
with the midportion of the lateral femoral condyle, resulting
in bone marrow edema or osteochondral injuries in noncon-
tiguous regions of the femur and the tibia (Fig. 3.10).242 This
is an impaction or shear type injury related to the anterior cru-
ciate ligament tear.

Tensile forces on the opposite side of the knee lead to avul-
sion of the medial collateral ligament (Fig. 3.10C). Bone
marrow edema associated with failure of medial collateral
ligament may be minimal to none. In addition, tensile forces
in the posteromedial corner can lead to avulsion-type injuries
of the semimembranosus tendon (Fig. 3.11) with subjacent
bone marrow edema in the posterior aspect of medial tibial
plateau.’** Furthermore, as the knee reduces from the initial
phase of injury due to valgus stress, with the tibia externally
rotated on the femur, the midportion of the medial femoral
condyle may come into contact with the posterior lip of the
medial tibial plateau due to a contrecoup mechanism (Fig.
3.12).% The resulting bone contusion on the medial side is

usually not as extensive, as most of the axial loading occurs
during the coup portion of injury. In rare cases, the injury may
be severe enough to cause subchondral fractures. More often
contusion is seen in the posterior lip of the medial tibial pla-
teau, and osseous abnormality in the medial femoral condyle
is variable in severity and location.

Anteromedial rotary instability is characteristic of the
O’Donoghue’s triad of injuries, consisting of tears of the ante-
rior cruciate ligament, medial collateral ligament, and medial
meniscus. However, studies have shown that lateral meniscal
tears are in fact more common with this mechanism of injury.>
It is important to note that both menisci are at risk, and a care-
ful search should be made for meniscal injuries.

Anterolateral Rotary Instability (ALRI)

A varus force applied to a mildly flexed knee with the tibia in
internal rotation can also lead to anterior cruciate ligament tear
(Fig. 3.13A). In this scenario the tibia is allowed to translate
anteriorly with impaction of the lateral femoral condyle with
the posterolateral tibial plateau. The characteristic bone mar-
row edema pattern associated with anterior cruciate ligament
tears is seen on the lateral side. However, tensile forces act on
the lateral side due to the varus external force, leading to dis-
ruption of the lateral supporting structures, including those in
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Fi1G. 3.5. Hyperextension varus injury. A 15-year-old boy suffered a direct blow while running. External force applied to a hyperextended or
“locked” knee on the medial aspect produces contiguous areas of bone contusion (A,B) seen on axial fat-suppressed intermediate-weighted
(TR/TE, 2700/50) turbo spin echo MRI. Bone marrow edema is seen in the anteromedial aspect of the femoral condyle (arrow in A) and tibial
plateau (arrow in B) due to impaction. These may be severe enough to cause fractures. The posterior cruciate ligament is often torn (asterisk in
A) with severe hyperextension injuries. Coronal fat-suppressed intermediate-weighted (TR/TE, 5870/55) turbo spin echo MRI (C) ) and sagit-
tal fat-suppressed intermediate-weighted (TR/TE, 4530/55) turbo spin echo MRI (D) show that the regions that came in contact (arrows) are
contiguous. (E) Sagittal fat-suppressed intermediate-weighted (TR/TE, 4530/55) turbo spin echo MRI shows rupture of the posterior cruciate
ligament. A significant exit force may result in distraction injury in the posterolateral corner, not seen in this patient.
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Fi1G. 3.6. Hyperextension valgus injury. External force applied to the anterolateral aspect of a hyperextended knee results in “kissing” contu-
sions as seen in this 14-year-old basketball player. Contiguous areas of bone marrow edema (arrows) are seen in the lateral femoral condyle
and lateral tibial plateau along the articular surfaces in coronal fat-suppressed intermediate-weighted (TR/TE, 4570/55) turbo spin echo (A)
and sagittal fat-suppressed intermediate-weighted (TR/TE, 3320/66) turbo spin echo (B) MRI. (C) Coronal proton density (TR/TE, 900/12)
spin echo MRI shows horizontal low signal (arrows), which represents microfractures in the lateral femoral condyle and tibial plateau. The
posterior cruciate ligament may be disrupted in hyperextension injuries. It was intact in this patient.
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FI1G. 3.7. Relationship between bone marrow edema and degree of flexion. (A,B) Three patients with anterior cruciate ligament tears have
the typical bone marrow edema pattern associated with it in the lateral femoral condyle (short arrows) and the posterior aspect of the lateral
tibial plateau (long arrows). Location of bone contusion in the lateral femoral condyle depends on the degree of flexion of the knee at the time
of injury. (A) In this 26-year-old man, the knee was in minimal flexion at injury with contusion resulting in the anterior aspect of the lateral
femoral condyle (short arrow) as seen on this sagittal fat-suppressed proton density (TR/TE, 3810/14) turbo spin echo MRI. (B) During injury
the knee was in a moderate degree of flexion in this 25-year-old man with bone marrow edema in the midportion of the lateral femoral condyle
(short arrow) as seen on the sagittal fat-suppressed intermediate-weighted (TR/TE, 3440/66) turbo spin echo MRI. (C) Sagittal fat-suppressed
intermediate-weighted (TR/TE, 4600/43) turbo spin echo MRI in this 28-year-old woman shows bone marrow edema in the posterior portion
of the lateral femoral condyle (asterisk). This pattern of injury corresponds to significant flexion of the knee at injury.

the posterolateral corner (Fig. 3.13B). Recognizing loss of sta-  (Fig. 3.13) and fibular avulsion fractures are associated with
bilizing structures in the posterolateral corner is essential, as  this type of injury.’’>° Indeed, the Segond fracture with an
it is a major cause of rotary instability resulting in severe dis- anterior cruciate ligament tear is the prototype of an injury
ability. The posterior capsule, which is a secondary restraint, leading to anterolateral rotary instability. Both the medial and
may also rupture with significant injury (Fig. 3.13C). Segond lateral menisci are at risk for injury.
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FiG. 3.8. Hyperflexion injury—dashboard injury. This 23-year-old man was involved in a high-speed head-on motor vehicle collision and
suffered multiple injuries including knee trauma and left hip fracture-dislocation. Typically this type of injury occurs when an anterior force
is applied to the flexed knee, resulting in posterior tibial translation, the classic example being the dashboard injury as in this patient. (A)
Axial fat-suppressed intermediate-weighted (TR/TE, 3200/54) turbo spin echo MRI shows bone marrow edema along the anterior aspect of
the tibia (asterisk). (B) The primary restraint to posterior tibial translation is the posterior cruciate ligament, which is disrupted (arrow) as
seen in the sagittal fat-suppressed intermediate-weighted (TR/TE, 4000/54) turbo spin echo MRI. Bone contusion is again seen in the anterior
aspect of the tibia (asterisk). (C) Other associated injuries often include patellar contusion or avulsion of patellar tendon at the inferior pole
of the patella (white arrow) and rupture of the posterior capsule (black arrow). Edema in the proximal tibia can be quite extensive (asterisk).
(D) With the knee in flexed position the anterior cruciate ligament is lax and is usually not ruptured with a dashboard type injury unless there
is dislocation of the femorotibial joint, as the anterior cruciate ligament is a restraint to anterior tibial translation. As seen on this coronal
fat-suppressed intermediate-weighted (TR/TE, 3200/54) turbo spin echo MRI, the anterior cruciate ligament (long arrow) and the medial col-
lateral ligament (short arrows) are intact.
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FI1G. 3.9. Direction of instability. The vertical axis of the knee is usu-
ally through the center of the joint. With failure of a single ligament
the axis may translate along anterior to posterior or medial to lat-
eral lines, causing the tibia (white) to shift with respect to the femur
(gray). With failure of more than one ligament the axis may shift into
any one of the four quadrants: (1) anterolateral (AL), (2) anterome-
dial (AM), (3) posterolateral (PL), or (4) posteromedial (PM). A shift
into one of the quadrants will result in rotational instability. PCL,
posterior cruciate ligament. MCL, medial collateral ligament. (Cour-
tesy of Sailaja Yadavalli, MD., PhD.).

Posterolateral Rotary Instability (PLRI)

This type of instability is seen with hyperextension, varus
stress, and external rotation of the tibia. The posterior cruci-
ate ligament is believed to remain intact and acts as the axis
of rotation. Injury is predominantly to the lateral collateral
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ligamentous complex and the smaller supporting structures in
the posterolateral corner, including the arcuate ligament. Bone
marrow edema is seen in the anterior aspect of medial femoral
condyle and anteromedial tibial plateau.

Posteromedial Rotary Instability (PMRI)

This mechanism of injury is attributed to valgus stress with
hyperextension and internal rotation of the tibia. Bone marrow
edema is seen on the anterolateral aspects of the femoral con-
dyle and the tibial plateau (Fig. 3.14). The medial supporting
structures, posteromedial capsule, posterior cruciate ligament,
and possibly the anterior cruciate ligament are injured (Fig.
3.14).

Combined Rotational Instability

Multiligamentous injury with involvement of both lateral and
medial supporting structures and rupture of the anterior cruci-
ate ligament may be seen with combined anteromedial and
anterolateral rotational instability.

Lateral Patellar Dislocation

Lateral patellar dislocation is seen with valgus force on a
flexed knee and internal rotation of the femur on a fixed
tibia. Although this is similar to anteromedial rotational
instability, it is usually categorized separately to describe
lateral patellar dislocation. Typically the patella dislocates
laterally with the medial aspect of the patella striking the
anterior aspect of the lateral femoral condyle. The degree
of injury may be variable (Fig. 3.15). The resulting bone

FI1G. 3.10. Anteromedial rotary instability (AMRI). A 39-year-old man injured his knee while playing basketball. (A,B) Sagittal fat-suppressed
intermediate-weighted (TR/TE, 3020/62) turbo spin echo MRI shows anterior cruciate ligament rupture (white arrow in A) and the associated
bone marrow edema pattern in the lateral tibial plateau (black arrow in B) and lateral femoral condyle (asterisk in B) due to impaction injury
by internal forces. (C) Coronal fat-suppressed intermediate-weighted (TR/TE, 3800/52) turbo spin echo MRI shows partial tear of the medial
collateral ligament (arrowheads) due to tensile forces. In addition, note the lateral meniscal tear (white arrow) and the bone marrow edema in
the lateral femoral condyle (asterisk). Patient also had a medial meniscal tear (not shown here). All findings were confirmed at surgery.
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FiG. 3.11. Semimembranosus injury. This 49-year-old woman presented with knee pain after a twisting injury. Rupture of the anterior cruci-
ate ligament was seen (not shown here). Tensile forces on the medial side of the joint can cause avulsion of the semimembranosus tendon in
addition to tears of the medial collateral ligament. Axial (TR/TE, 2700/50) (A) and sagittal (TR/TE, 4000/52) (B) fat-suppressed intermedi-
ate-weighted turbo spin echo MRIs show soft tissue edema in the posteromedial corner and a partial tear of semimembranosus tendon (arrow).
Associated bone marrow edema is more focal (asterisk in A) as seen with avulsion injuries.
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Fi1G. 3.12. Posterior lip injury. In the same patient as in Figure 3.10, bone marrow edema is seen on the medial aspect of the knee due to
countercoup injury that occurs as the knee is reducing following anterior cruciate ligament disruption. Axial (TR/TE, 2570/52) (A), coronal
(TR/TE, 3800/52) (B), and sagittal (TR/TE, 3020/62) (C) fat-suppressed intermediate-weighted turbo spin echo MRIs show bone contusion in
the posterior lip of the medial femoral condyle (asterisk). Bone bruising in the medial femoral condyle (long arrow in B and C) is seen away
from the articular surface compatible with the flexed position of the knee at time of injury. Bone contusion is seen in the lateral tibial plateau
(short arrow in A and B) from the initial phase of injury.



FI1G. 3.13. Anterolateral rotary instability (ALRI). A 49-year-old man suffered a twisting injury to his knee when his motorcycle slid under
a truck. (A) Sagittal fat-suppressed intermediate-weighted (TR/TE, 4000/55) turbo spin echo MRI shows anterior cruciate ligament tear
(arrow). (B) Axial fat-suppressed intermediate-weighted (TR/TE, 2640/47) turbo spin echo MRI shows distraction injury in the posterolateral
corner with extensive soft tissue edema (arrowheads). The conjoined portion of the fibular collateral ligament and biceps femoris tendon has
a partial tear (white arrow). The popliteus tendon is also attenuated, compatible with a partial tear (black arrow). (C) Sagittal fat-suppressed
intermediate-weighted (TR/TE, 4000/55) turbo spin echo MRI shows rupture of the posterior capsule (white arrow). A depressed fracture of
the posterior aspect of lateral tibial plateau (black arrow) is also seen. (D) A small ossific density (arrow) along the lateral tibial plateau, easily
seen on this radiograph, represents a Segond fracture. (E) The Segond fracture avulsed fragment (white arrow) is not as easily discernible on
this coronal (TR/TE, 1200/12) proton density spin echo MRI. The donor site of the avulsed fragment is more readily apparent (short black
arrow). Also note the medial meniscal tear (long black arrow).
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F1G. 3.14. Posteromedial rotary instability (PMRI). A 43-year-old man who presented for evaluation of medial collateral ligament and
posterior cruciate ligament injury. Sagittal (TR/TE, 3450/62) (A,B), axial (TR/TE, 2660/49) (C,D), and coronal (TR/TE, 3550/52) (E,F) fat-
suppressed intermediate-weighted turbo spin echo MR images are shown here. Bone marrow edema along the weight-bearing surface of the
lateral femoral condyle is seen (asterisk in A, C, and E) and in the anterior aspect of the lateral tibial plateau (short white arrow in B, D, and
E). The posterior cruciate ligament (short arrow in F) was torn. Tensile forces on the medial side resulted in rupture of the medial collateral
ligament (arrowheads in C, E, and F). The anterior cruciate ligament was intact in this patient. These findings suggest that the mechanism of
injury is related to posteromedial rotary instability.
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marrow edema pattern in this injury involves the infero-
medial aspect of the patella and the anterolateral aspect of
the femoral condyle.*’ This pattern should be distinguished
from the edema seen with anterior cruciate ligament rup-
ture, in which the contusion is seen in the midportion to
posterior aspect of the femoral condyle and from hyperex-
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(Fig. 3.15E).**? Soft tissue injuries include possible dis-
ruption of the medial retinaculum (Fig. 3.15C) and medial
patellofemoral ligament, the avulsion of which may cause
edema in the adductor tubercle of the femur.*~* Patella alta
and a shallow trochlear groove are predisposing factors for
patellar dislocation.

tension injuries with valgus forces, where a “kissing” con-
tusion is seen in the anterior aspect of tibial plateau. The
medial aspect of the patella may fracture (Fig. 3.15A). A
search for chondral defects or osteochondral injuries along
the patella and the trochlear groove is extremely important

Direct Trauma

With direct trauma, injury to the osseous structures of the knee
and the soft tissues between the site of impact and the bone

Fi1G. 3.15. Patellar dislocation. Pattern of injury with lateral patellar dislocation in three patients are shown here. Axial fat-suppressed proton
density (TR/TE, 2800/14) turbo spin echo MRI (A) and sagittal fat-suppressed intermediate-weighted (TR/TE, 5260/43) turbo spin echo MRI
(B) show an avulsion fracture of the inferomedial aspect of the patella (arrow) with associated bone marrow edema in this 13-year-old girl
who twisted her knee. Bone contusion is seen in the axial image in the lateral femoral condyle (arrowheads). (C,D) Axial fat-suppressed pro-
ton density MRIs in another patient with lateral patellar dislocation show more severe injury to the soft tissues with disruption of the medial
retinaculum (black arrows in C) and a tear at the junction of the medial retinaculum and the medial collateral ligament (black arrowhead in D).
Bone marrow edema is seen in the medial aspect of the patella (white arrow in C), and lateral femoral condyle (white arrowheads in C). (E)
Sometimes the findings of patellar dislocation may be more subtle as seen in this 35-year-old woman who presented for MRI with history of
knee injury. Axial fat-suppressed intermediate-weighted (TR/TE, 2570/52) turbo spin echo MRI shows the typical bone bruise in the lateral
femoral condyle (asterisk), but only a focal cartilage defect (arrow) is seen along the medial facet of the patella.
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Fi1G. 3.16. Direct trauma. An external force applied to any part of the knee may result in injury only to the soft tissues and underlying bone at
the site of impact. Most commonly this occurs with a fall on knee. These classic findings are seen in this 46-year-old woman who tripped and
fell on her bent knee while walking her dogs. (A) Axial fat-suppressed intermediate-weighted (TR/TE, 2640/50) turbo spin echo MRI shows
significant bone contusion along the anterior aspect of the tibia (asterisk). Sagittal fat-suppressed intermediate-weighted (TR/TE, 4300/55)
turbo spin echo MRI (B) and sagittal proton density (TR/TE, 1100/12) spin echo MRI (C) show a curvilinear low signal (arrowheads) compat-

ible with a nondisplaced fracture that was occult on radiographs.

may result. A large area of contusion is typically seen with no
other injuries. A fall onto the knee is an example of this type of
injury with patellar and trochlear contusion (Fig. 3.16). Direct
trauma can result in fractures, especially of the patella. Some of
the fractures may be occult on radiographs and readily seen on
MRI (Fig. 3.16).

Meniscal Injury

Traumatic meniscal injuries are usually attributed to a single
event. The menisci are at greatest risk with rotational inju-
ries with the knee in the flexed or extended position (see Fig.
3.10C).>® Meniscal injuries that occur with the knee in exten-
sion are often associated with ligamentous injuries and tibial
plateau fractures. With significant axial loading, the hoop
stress mechanism of the meniscus may fail, resulting in tears.
Thus when fractures associated with axial loading are seen,
a search for meniscal injuries is essential (Fig. 3.17). Menis-
cal injuries may be present in the absence of any ligamentous
injury as in the patient in Figure 3.17.

Osteochondral Lesions

A variety of abnormalities may cause irregularity or fragmen-
tation along the articular surface with associated bone marrow
edema. Earlier in the chapter we discussed the presence of
subchondral fractures with acute injuries due to axial loading
or shear stresses.

Osteochondritis dissecans is an entity often seen in the
skeletally immature and young adults.’'” The etiology of
this lesion is controversial, and many causes ranging from
genetic predisposition to trauma have been proposed.
Currently it is widely believed that the injury is likely due
to repetitive trauma.>>*” This is supported by the fact that
although earlier studies reported a preponderance of this
lesion among boys, more recently, with increasing partici-
pation of girls in sports, and with children participating at
younger ages, the gender gap has narrowed and the age
of onset has decreased.’’ The lesion is perhaps initialized
by a traumatic event that causes a subchondral fracture
that progresses to fragmentation and eventually becomes
symptomatic. The most common location is along the
posterolateral aspect of the medial femoral condyle (Fig.
3.18).

The differential diagnosis for osteochondral lesions
includes spontaneous osteonecrosis of the knee, which is
seen in the elderly and is characterized by acute onset of
pain.*® The lesion is most commonly seen along the weight-
bearing surface of the medial femoral condyle and may have
associated bone marrow edema and cystic changes deep to
the lesion (Fig. 3.19). Bone infarcts can extend to the articu-
lar surface and result in subchondral collapse (Fig. 3.20) and
bone marrow edema.’”® Nontraumatic causes of bone mar-
row edema are numerous and include infection, arthritides,
and tumor. These are most often easily distinguished from
traumatic causes by the associated soft tissue changes or
lesions.*
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FI1G. 3.17. Medial meniscal tear. Two coronal fat-suppressed intermediate-weighted turbo spin echo MRIs of a 50-year-old man who was hit
on the medial side of his knee are shown here. Extensive bone marrow edema is seen in the medial femoral condyle (asterisk in A) with a
subchondral fracture (arrow in A), suggesting that there was a component of axial loading at time of injury. A search revealed a radial tear of
the posterior horn of the medial meniscus (arrow in B). The patient had no ligamentous injury.

F1G. 3.18. Osteochondritis dissecans. A 16-year-old girl with a history of a meniscal tear presented for MRI for persistent pain. (A) Coronal
fat-suppressed intermediate-weighted (TR/TE, 4250/54) turbo spin echo MRI shows an osteochondral lesion (arrow) along the inner aspect
of the medial femoral condyle with mild associated bone marrow edema and minimal cystic changes. (B) Sagittal fat-suppressed intermedi-
ate-weighted (TR/TE, 3900/54) turbo spin echo MRI shows the lesion along the posterior aspect of the medial femoral condyle (arrow). Cur-
vilinear high signal is seen between the fragment and the donor site, suggesting that this might be an unstable lesion, confirmed at surgery.

Conclusion

A pattern of bone marrow edema seen on an MR study may
be thought of as a fingerprint left behind, implicating a par-
ticular mechanism of injury. This in turn provides clues to
the associated soft tissue injuries. Understanding this rela-
tionship enables radiologists to increase their accuracy in

the detection of subtle ligamentous, tendinous, or meniscal
injuries. Usually a distinction can be made between inju-
ries caused by external or internal forces. Internal forces
are more apt to lead to chondral or osteochondral lesions
and subchondral marrow edema. Tensile forces and external
forces are rarely responsible for injuries along or extending
to the articular surfaces. Subchondral injuries are more often
seen with shear stress or impaction forces.



Fi1G. 3.19. Spontaneous osteonecrosis of the knee. A 61-year-old woman with knee pain presented for MRI to evaluate for avascular necrosis.
Coronal fat-suppressed intermediate-weighted (TR/TE, 5720/26) (A), sagittal fat-suppressed proton density (TR/TE, 3810/14) (B), and coro-
nal proton density (TR/TE, 1360/16) (C) turbo spin echo MRIs show an osteochondral fragment (arrow) along the weight-bearing surface of
the medial femoral condyle. Subjacent cystic changes are seen along with extensive bone marrow edema. Severe osteoarthrosis of the medial
compartment is also seen with cartilage loss, joint space narrowing, and medial meniscal degeneration and extrusion (arrowhead).
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FI1G. 3.20. Bone infarct. A 44-year-old man with a history of spinal injury and hip injury on ipsilateral side had persistent knee pain. Coronal
proton density (A) and coronal fat-suppressed intermediate-weighted turbo spin echo (B) images show large areas of bone infarcts in the
femoral condyles and proximal tibia. The infarct extends to the articular surface with collapse of subchondral bone and loss of cartilage
along the lateral femoral condyle (arrow). On the medial side the infarcts extend to the articular surface. However, the cartilage appears intact
(arrowheads). The high signal on fluid sensitive sequences with well-defined margins is typical of bone infarcts.
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Although soft tissue injuries are the focus of most sports
medicine practitioners, a number of bony lesions may occur
in the athlete. While most will be detected on radiographs
eventually, advanced imaging techniques such as MRI may
result in earlier diagnosis, show a more detailed anatomic
picture, and simplify treatment decisions.

Stress Fractures

Stress fractures are overuse injuries commonly seen in the
athlete, with an incidence approaching 20% in high-risk
groups.®®2 Because their clinical presentation may be con-
fusing or nonspecific, imaging may prove the key to rapid
diagnosis or confirmation of diagnosis. Most of these inju-
ries will heal with a period of protected weight bearing;
however, certain high-risk stress fractures require operative
fixation to promote healing and avoid potentially devastating
complications.

Biology and Etiology

Bone undergoes a constant cycle of reabsorption and regen-
eration. When bone is challenged with repetitive, submaximal
loading, a stress reaction will lead to physiologic and mechan-
ical changes. Physiologically, there is not only a failure of
bony synthesis but also an increase in osteoclast activity.
Mechanically, there is a decrease in ultimate strength, leading
to an increased risk of microfracture. With continued stress,
mechanical failure may occur through these microfracture
sites, resulting in a stress fracture.

Although stress fractures generally occur via this biologic
pathway, the anatomic location of the fracture and patient
characteristics also play important roles. Stress fractures tend
to occur at relatively hypovascular sites in the bone, a factor
that also predisposes to slow healing.! Additionally, muscle
attachment at a specific anatomic site may lead to a localized
area of high bone stress.** Finally, stress fractures predomi-
nate in the lower extremities, which experience much higher
stresses than the upper extremities. Patient characteristics also
influence the development of stress fractures. These inju-
ries are ten times more common in women military recruits,
perhaps related to hormonal and nutritional deficiencies.®>%°
Lower bone density for any reason is also a risk factor as are
less common metabolic bone diseases and collagen disor-
ders®% (Table 3.2).

Presentation and Physical Examination

Stress fractures classically present with the insidious onset
of pain after an increase in activity—for example, in ath-
letes who suddenly ramp up their training or in new recruits
in basic training. Pain is generally worse with activity and
improved or even absent with rest. Symptoms often occur
at a specific and well-localized anatomic site but may be
vague—for example, a long-distance runner with medial
knee pain attributable to the hip. The history should include
specifics of the training regimen and any recent changes in
activity. Sports that involve high-stress activities such as
running and jumping result in a higher incidence of stress
fracture®® (Table 3.3). In women, the presence of the female
athlete triad (eating disorder, amenorrhea, and osteoporosis)
predisposes to stress fractures, which may fail to heal or
recur unless the underlying metabolic disorder is corrected.®
A focused patient history by an attentive clinician is impor-
tant in making the diagnosis of stress fracture, as physical
exam findings are often nonspecific.

Superficial stress fractures may be point tender, while
deeper structures may simply be irritable with motion. Swell-
ing or a palpable periosteal reaction may also be present, again
at superficial sites only. Knowledge of the common anatomic

TaBLE 3.2. Risk factors for stress fractures.

* Female

* Nutritional deficiencies

* Osteopenia

* Endurance sports

¢ Collagen disorders

e Metabolic disorders

* Hormonal imbalance in women and men
¢ Sleep disorders

e Female athlete triad

TaBLE 3.3. Associations of stress fracture location
and sport.

Anatomic site Sport

Femoral neck
Tibia

2" Metatarsal base
5" Metatarsal
Humerus, ulna
Ribs

Long distance running
Jumping sports
Dancing, gymnastics
Basketball

Throwing sports

Golf, rowing
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sites of stress fracture, discussed below, may also guide diag-
nosis. Differential diagnosis differs somewhat by anatomic
site but may include soft tissue strain (muscle, tendon, or liga-
ment), bone bruise, periostitis, tendonitis, and bursitis.

Imaging

Imaging of a suspected stress fracture may include radio-
graphy, bone scan, computed tomography (CT), or MRIL
Radiographs are the first-line study as they are readily avail-
able in the physician’s office and may show a subtle fracture
line, cortical lucency, or periosteal reaction. Chronic stress
fractures or nonunions are characterized by intramedullary
sclerosis or cystic changes, related to bony remodeling. How-
ever, a negative radiograph in no way rules out the presence of
a stress fracture. The radiographic changes of a stress fracture
are generally not present on plain radiographs for at least 2 to
3 weeks and will never become easily visualized in up to 55%
of cases.®”®® Accordingly, further imaging modalities are fre-
quently employed, especially when the diagnosis is in doubt
or in high-level or professional athletes who require a rapid
diagnosis and return to play.

Magnetic resonance imaging and bone scan are the most
commonly used secondary means of imaging for suspected
stress fractures. On bone scan, a stress fracture is seen as a
discrete area of increased uptake on all phases of a techne-
tium-99 m diphosphonate bone scan. These fractures may be
differentiated from soft tissue injuries, which do not show
high intensity in the third (delayed) phase of the bone scan.
With healing of a stress fracture, the bone scan slowly reverts
to normal in a phase-by-phase manner that lags far behind
clinical improvement.®¢’

Bone scan is the more traditional modality for imaging
stress fractures; however, MRI has gained predominance as
its availability and affordability have increased. Magnetic
resonance imaging also possesses a number of inherent
advantages. Bone scans show high sensitivity, approxi-
mately 90% but a specificity of only 50%, with high inten-
sity frequently seen at asymptomatic sites.® Conversely,
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MRI shows both high sensitivity and specificity in the diag-
nosis of stress fractures, 90% and nearly 100%, respectively,
in the tibia.® Bone scans typically image the entire body,
which can be an advantage if there are multiple areas of
interest or if stress reaction is suspected. However, this lack
of anatomic specificity can be a disadvantage in imaging
sites such as the foot, where small bones may become indis-
tinguishable from one another. Magnetic resonance imaging
can easily distinguish between anatomic sites but may not
allow for whole-body imaging. Another advantage of MRI
is that it does not carry the radiation exposure of bone scans,
approximately 3 mSv.® Finally, unlike bone scans, which
demonstrates healing that lags behind the actual stress frac-
ture healing, MRI may be used to both diagnose and pre-
dict the healing of stress fractures. Arendt and Griffiths™
have proposed a classification of stress fractures using bone
scan and MRI data to predict time to healing (Table 3.4).
Because MRI findings are more specific, the predicted heal-
ing time using MRI data is potentially more accurate. Their
classification uses the following sequences for MRI evalu-
ation: first, short-tau inversion recovery (STIR) images are
most sensitive and show early intramedullary edema; T2
images then show edema and may show a fracture line; and
T1 images finally may show a low-signal fracture line.”

Treatment: General Principles

Determining a treatment plan for a specific stress fracture
requires assessment of several factors, including anatomic
location, mechanical location, displacement, and chronicity.
Treatment by specific anatomic site is detailed below, but cer-
tain anatomic sites, for example the femoral neck and anterior
tibia, have shown historically lower healing rates and higher
complication rates with nonoperative treatment. The mechani-
cal location of the stress fracture should also be noted, as frac-
tures on the tension side of the bone tend to widen and have a
lower rate of healing when compared with compression-side
fractures. Displaced fractures similarly have a lower healing
rate compared with nondisplaced fractures. Finally, a stress

TABLE 3.4. Arendt and Griffiths classification of stress fracture.

X-ray Bone scan MRI Treatment

Grade 1 Normal Poorly defined Positive STIR image 3 weeks rest
T activity

Grade2  Normal More intense but Positive STIR plus 3-6 weeks rest
poorly defined positive T2

Grade3  Discrete line Sharply defined area Positive T1 and T2, but 12—16 weeks rest
of T activity without definite cortical

Discrete periosteal break
reaction
Grade 4  Fracture or More intense transcortical ~ Positive T1 and T2 16+ weeks rest

periosteal reaction

localized uptake

fracture line

STIR, short-time inversion recovery.
Source: Arendt and Griffiths,” with permission.
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fracture that is chronic based on the patient history or radio-
graphic changes (cystic changes or intramedullary sclerosis)
is less likely to heal by nonoperative means.¢!

Stress fractures that are stable and nondisplaced generally
heal with a period of unloading and a careful return to activ-
ity. The patient is first placed on protected weight bearing
for several weeks, with a gradual increase in loading as the
patient becomes pain free. Immobilization with a cast or func-
tional brace is important during this period, and the use of the
brace may continue as activity is resumed. Training may then
recommence with short-duration, low-impact activities (bik-
ing, swimming), which are slowly increased in duration and
then intensity based on patient tolerance. If pain recurs, train-
ing should be immediately curtailed with lower level activity
beginning after several days of rest.! Another nonoperative
modality that has shown promise for treatment of recalcitrant
stress fractures is electrical bone stimulation, although no ran-
domized controlled trials are available.”! Pulsed ultrasound
has also been employed with some success in promoting bony
union; however, a recent randomized controlled trial of tibial
stress fractures showed no improvement.”> Higher risk sites
or recalcitrant stress fractures may require operative fixation
or bone grafting due to their increased rates of nonunion and
other complications.®!

The second tenet of treatment for stress fractures is the
identification and correction of predisposing factors. This
includes a careful review of the training regimen and diet. In
women with the female athlete triad, resumption of menses
via decreased training or use of hormone replacement, usu-
ally oral contraceptives, will improve healing potential. Dual-
energy x-ray absorptiometry (DEXA) scans at baseline and
during treatment may be used to track bone mineral density in
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this patient group.® Finally, patients with metabolic disorders
may benefit from consultation with an endocrinologist.

Specific Stress Fractures and Their Treatment
Femoral Neck

A missed stress fracture of the femoral neck that displaces
often results in long-term morbidity in the young athlete. For
this reason, the clinician must maintain a high level of suspi-
cion, consider early MRI for definitive diagnosis, and pursue
an aggressive treatment plan when this diagnosis is suspected.
The most common presentation of a femoral neck stress frac-
ture is activity-related groin pain in a high-level athlete, such
as a long-distance runner. Symptoms, however, may be vague,
and imaging of the hip should be considered in high-risk
patients with knee pain (possibly referred) without another
attributable cause. The location of the stress fracture, compres-
sion or tension side, largely determines treatment (Fig. 3.21).
Compression-side fractures of the femoral neck start at the
inferior cortex and rarely displace. They may be treated non-
operatively with protected weight bearing and close follow-
up, but must be pinned if they progress or become complete.
Patient compliance with weight-bearing restrictions should
also be monitored closely. Tension-side fractures start at the
superior cortex and tend to displace with stress (Fig. 3.21).7
Although several case series have successfully used pro-
longed bed rest to treat tension-side femoral neck fractures,
most authors advocate internal fixation to avoid completion
of the fracture or displacement, with its high rate of compli-
cation.”’* Regardless of the treatment modality, stress frac-
tures must be protected until clinical and radiographic healing

FiG. 3.21. Femoral neck stress fracture patterns. Stress fractures of the femoral neck may occur on the tension (A) or compression (B) side.
Location of the fracture largely determines stability and therefore treatment.
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occurs. If a stress fracture of the femoral neck becomes complete
and displaces, expedited open reduction with anatomic align-
ment and internal fixation is required. Complications of a dis-
placed femoral neck fracture include malunion, nonunion, and
avascular necrosis, resulting from a disruption in blood supply
to the femoral head.” Specifically, Johansson et al.” found a
complication rate of 60% in patients with displaced femoral
neck stress fractures in spite of appropriate treatment. Also, in
this study, no elite athlete returned to the same level of play,
reflecting the seriousness of these injuries.

Tibia

The tibial shaft is the most common anatomic site of stress
fractures, accounting for 20% to 75% of stress fractures in
athletes®! (Fig. 3.22). Tibial stress fractures generally pres-
ent with activity-related pain and tenderness on exam. Other
potential diagnoses include periostitis and exertional com-
partment syndrome, which may be clearly differentiated on
imaging studies. Two types of tibial stress fracture have been
identified: the more common posteromedial compression
variety, and the less common but higher risk anterior tension
fracture. Activity modification reliably leads to union in the
stable, posteromedial fractures, and supplemental use of a
pneumatic brace may reduce healing time.”® Conversely, ante-
rior, midshaft fractures show a higher rate of nonunion, likely
due to their tension-side location and relative hypovascular-
ity. The dreaded “black line” on a plain radiograph heralds
nonunion at this site. The anterior tibial stress fracture takes
a minimum of 4 to 6 months to heal despite protected weight

A B

FiG. 3.22. Tibial shaft stress fractures. Stress fractures of the tibia generally
occur by two patterns: (A) the high-risk anterior shaft fracture, and (white
arrow) (B) the relatively benign posteromedial fracture (black arrow).
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bearing. If a widening of the anterior cortical disruption on x-
ray does occur, the likelihood of healing is low, and placement
of an intramedullary nail may be considered. Early fixation is
also an option in a competitive athlete.6""78

Foot and Ankle Sites

Stress fractures in the foot and ankle represent approximately
25% of cases.®! In general, they are not easily seen on standard
radiographs, due to oblique fracture lines, or on bone scan,
due to the close proximity of a number of small bones. An
MRI should be considered if a stress fracture is suspected, as
early lesions without a radiographically apparent fracture line
are more responsive to nonoperative treatment.

Stress fractures in the metatarsals represent approximately
10% of the whole, with fractures of the second and third
metatarsal neck predominating.6 Stress fractures of the fifth
metatarsal are less common but more problematic because of
their slow healing and high refracture rate (Fig. 3.23). These
occur in jumping and sprinting athletes, for example basket-
ball players, in the proximal metatarsal shaft, just distal to the
tuberosity. Physical exam reveals point tenderness and pain
with foot inversion. An early lesion (radiographically nega-
tive, MRI positive) may be treated with protected weight bear-
ing and a functional brace while advanced lesions (symptoms
>3 weeks or radiographically positive) are more likely to
respond to prolonged casting or internal fixation with a com-
pression screw. In an established nonunion, the fracture site
should be curettaged prior to fixation with consideration of
bone grafting.®’” Another metatarsal site of stress fractures

+——— Diaphyseal Stress Fracture

Jones’ Fracture

“—— Auvulsion Fracture

FiG. 3.23. The three common locations of fractures of the fifth
metatarsal, with stress fractures generally occurring in the proximal
diaphysis.
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in athletes is the second metatarsal base in dancers. Although
these will heal reliably with activity modification and a non—
weight-bearing interval, high-demand athletes may benefit
from surgical fixation.”*

In the ankle, the distal fibula and medial malleolus may
incur stress fracture related to repetitive impingement on the
talus. Fibular stress fractures are low risk and heal reliably
with activity modification, while medial malleolus fractures
are considered high risk. Magnetic resonance imaging—posi-
tive, radiograph-negative medial malleolar fractures may be
treated with bracing in lower-level athletes or casting and
strict non—weight bearing in competitive athletes. Competi-
tive athletes unable to wait the 4- to 5-month healing time or
patients with radiographically positive lesions should undergo
internal fixation with malleolar screws.

Navicular stress fractures occur in the sagittal plane in the
midlateral portion of the bone, an area of high stress and poor
vascularity. This lesion is frequently missed on radiographs
due to its orientation and is best imaged by MRI as bone scan
has poor specificity for differentiating stress reaction from
fracture at this site. Again, early lesions may be treated with
casting and non-weight bearing, while chronic or displaced
lesions should be stabilized surgically. Stress fractures of the
sesamoids predominate on the medial side. These fractures
may easily be confused with a bipartite sesamoid on radio-
graphs (present in 5% to 30% of the population) but are reliably
identified on bone scan or MRI. Again, early lesions may be
treated conservatively, while chronic or recalcitrant lesions
may be treated with bone grafting or excision, being careful to
maintain the position of the flexor hallucis brevis to avoid late
hallux valgus deformity. A final rare stress fracture in the foot
occurs at the lateral process of the talus. This fracture may
extend into the subtalar joint, resulting in sinus tarsi pain, and
is poorly identified on radiographs. Casting and non—-weight
bearing for at least 6 weeks is necessary for healing.¢!

Stress Fractures of the Upper Extremity

Stress fractures in the upper extremity represent a small minor-
ity, approximately 5% to 15% depending on the study.®'#! As
stress fractures are a response to overuse, athletes who use
their arms to throw, swing, or bear weight (gymnasts, weight
lifters) are the most commonly affected. Stress fractures in
every bone from the shoulder girdle to the distal phalanx have
been reported; however, injuries of the ulna, olecranon, and
humerus are the best studied. Ulnar shaft stress fractures occur
in the thin middle third in throwers and racquet sports players,
are low risk, and heal well with activity modification. Stress
fractures of the olecranon occur predominately in baseball
pitchers, likely related to repeated impaction on the olecranon
fossa or increased stress at the triceps insertion. While olecra-
non tip fractures heal poorly and are best treated with excision
or operative fixation, mid-olecranon fractures heal with rest
and avoidance of throwing in 6 to 8 weeks. Stress fractures of
the humerus likely occur related to high stresses created by the
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deltoid, biceps, and triceps, and are most commonly seen as
spiral fractures of the middle to distal shaft. Operative treat-
ment is often indicated in completed or displaced fractures.®!

Discussion

Stress fractures are overuse injuries of bone that pres-
ent with localized, activity-related pain. They are generally
slow to resolve, and secondary patient characteristics should
be addressed to optimize healing. The early use of MRI in
radiographically negative patients may improve treatment by
allowing early immobilization and potentially avoiding sur-
gical treatment. Treatment differs by site based on the risk
of displacement, the nonunion rate, and the usual time to
healing. Nonoperative treatment of stable fractures includes
a period of activity modification and protected weight bear-
ing followed by a slow return to activity. Higher risk frac-
tures may be treated nonsurgically if identified early or with
internal fixation in compression if diagnosed late or in high-
demand athletes.

Bone Bruises and Subchondral Fractures

The bone bruise is a common finding on MRI after traumatic
injury, particularly of the knee. It is less a diagnosis to be
sought but rather an MRI finding that must be interpreted by
the clinician with regard to its clinical significance and treat-
ment required, if any. The bone bruise has traditionally been
seen as a secondary marker of ligamentous injury but may
have some significance as an isolated clinical entity or as a
prognostic indicator.

In the literature, a number of synonymous terms have been
used for bone bruise, including bone contusion and occult
bone lesion. Regardless of the term used, the entity described
is actually a spectrum of injuries to subchondral bone seen on
MRI but not on plain radiography. Histologic changes have
been correlated with these MRI findings confirming that bone
bruises may represent bony edema, hemorrhage, or in cases
of higher energy trauma, microfracture of the trabeculae.®? A
number of classification systems have been described in the
radiology literature seeking to separate the benign from the
clinically important, with variable success. The most com-
monly used are the Vellet and the Mink and Deutsch.>%* For
the orthopedic practitioner, the more important distinction is
between a simple bone bruise and a subchondral fracture (by
definition, displacement of 2 mm) extending into cartilage or a
depressed osteochondral lesion, both of which reliably indicate
chondral injury.®

Common Patterns

As the bone bruise is a bony response to loading during
trauma, its location is a reliable radiographic indicator of the
mechanism of injury and associated injuries, most commonly
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ligamentous. The bony findings are generally anatomically
opposite to their ligamentous counterparts as the area of com-
pression (bony injury) is distant from the area of tension (liga-
mentous injury) (Table 3.5).848

The pattern of bone bruising after anterior cruciate liga-
ment (ACL) injury is well described as a bone bruise cen-
trally in the lateral femoral condyle and posterior on the
lateral tibial plateau (Fig. 3.24). A contrecoup bruise on the
posterior lip of the medial tibial plateau may also occur and
is associated with medial meniscus tear in some studies.®
The usual mechanism of the ACL tear occurs by an axial
and valgus load to the knee with relative external rotation
of the tibia. The anteriorization of the tibia during ACL
disruption results in the posterior lesion on the tibia. This
pattern of bone bruising has a sensitivity of 80% to 90%
and a specificity of approximately 90% for the ACL tear,
making it a helpful marker in cases where the ACL is not
well imaged or disrupted but nondisplaced.? Conversely, a
lack of bony bruising may be an indicator of a lower energy
injury or partial tear.®’” In adolescents, this ACL pattern
of bone bruising may be seen without ligament tear, per-
haps due to increased ligamentous laxity. Finally, a bone
bruise in ACL injury is associated with prolonged effusions
and pain and a longer time to normalization of range of
motion.®

The pattern of bone bruises in posterior cruciate ligament
(PCL) injury is not as anatomically reliable, but a bone bruise
is seen in more than 80% of these ligament disruptions.®
This may be because a number of mechanisms may result
in PCL tear, including a dashboard-type injury and hyper-
extension, or because PCL injuries have a high association
with other injuries in the knee, including a tear of the menis-
cus and collateral structures. The most common pattern is
an anterior bone bruise on the tibia, sometimes associated
with a bruise of the posterior patella. Bone bruises may also
occur after injury to the menisci and collateral ligaments but
at lower rates, approximately 50% to 60%.% In accordance
with biomechanical principles, bone bruises occur anatomi-
cally distant from the site of collateral ligament injury, for
example in the lateral knee after a medial collateral ligament
(MCL) tear. However, bone bruises may also occur at the site
of soft tissue injury, such as near a meniscal tear or at the
bony avulsion site of a ligament. These principles may also
be applied to injuries of the ankle, where bone bruises may
be seen in areas of impaction after a sprain or at the site of
an avulsion injury.

TaBLE 3.5. Ligament injuries and associated bone bruise patterns.
ACL

Central in lateral femoral condyle and posterior on
lateral tibial plateau

Variable

Anterior tibia, chondral surface of patella

Compartment opposite to ligament tear

Tibial surface underlying tear

PCL

Collateral ligaments
Meniscal tear

ACL, anterior cruciate ligament; PCL, posterior cruciate ligament.
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F1G. 3.24. After anterior cruciate ligament injury, characteristic bone
bruises in the lateral femoral condyle and posterior tibial plateau are
commonly seen.

Isolated Bone Bruise

A single study by Wright et al.”! describes the outcomes of
isolated bone bruises in the knee, emphasizing their com-
mon association with other injuries. In this study of only 23
patients, 21 returned to preinjury activity after an average of
3.2 months with Lysholm scores of 90 points. Outcome was
not correlated to the Vellet classification of the lesion on the
injury MRI, and follow-up MRI was not done.

Clinical Significance and Treatment

After a diagnosis of bone bruise is made, the clinician must
decide whether treatment is required and whether any short-
or long-term sequelae are implied.”? The MRI signal changes
of bone bruises resolve over time in almost all cases, though
the time to resolution varies from months to 1 to 2 years.”® The
more important determination is of associated chondral injury
(Fig. 3.25). Evidence of an osteochondral fracture or depression
is highly correlated with chondral damage.®®> This may be
due to direct damage to chondrocytes from blunt trauma or
by increased stress on the cartilage after damage to the sub-
chondral bone. However, the literature does not clearly sup-
port long-term cartilaginous deficiency resulting from simple
bone bruises. Rates of 10% to 70% of chondral injuries after
bone bruise have been noted on follow-up MRI or arthros-
copy, including softening or fissuring, but few good studies
exist.% If a chondral injury is noted, it tends to persist on
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F1G. 3.25. Chondral injury may be seen as depression or fracture of
the articular surface (arrow) associated with a bone bruise.

imaging but may or may not be symptomatic.” Thus, a change
in weight-bearing status or follow-up MRI is generally not
recommended after a simple bone bruise is noted. Equally, in
our experience, interpretation of these lesions as a bone bruise
or subchondral fracture does not alter diagnosis, though the
literature on this subject is limited.

Discussion

A bone bruise is an impaction injury of the subchondral bone
occurring after trauma. Its location may suggest an associated
pattern of ligamentous injury and a higher energy injury. Bone
bruises with associated osteochondral fracture or depression
have a high rate of persistent chondral damage, while simple
bone bruises are more likely to resolve with time.

Avulsion Fractures

Avulsion fractures are a group of sports injuries character-
ized by failure of bone at a bone—soft tissue interface. A small
fleck of bone on the initial radiograph often serves as a clue to
the diagnosis, but advanced imaging can be helpful to clarify
anatomy and guide treatment. Avulsion fractures may be better
understood by separating injuries based on skeletal maturity.

Pediatric/Adolescent Avulsion Fractures

In adolescents and children, these injuries occur at apophyses
or secondary growth centers that are not yet fused. A force-
ful contraction of muscle at its origin results in disruption of
the apophyseal cartilage, essentially a Salter-Harris fracture.
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These injuries most commonly occur in the pelvis and knee
and present with the sudden onset of localized pain or even
a pop heard or felt during exertion. Young athletes involved
in sprinting, kicking, and hurdles are at highest risk. Physi-
cal examination may reveal tenderness or swelling at the site
of injury, subtle weakness of the involved muscle group, and
pain with resisted activation of that muscle. Initial radiographs
may show a fleck of displaced bone or may appear normal if
the fracture is nondisplaced or the area not fully calcified. In
these cases, further imaging may be considered. A CT scan
best evaluates the fracture fragment with regard to size and
amount of displacement. An MRI is useful when the diagnosis
is unclear, to better evaluate the soft tissues and cartilage, and
to differentiate from muscle strains and contusions. A number
of common avulsion fractures in adolescents are presented in
Table 3.6.”

Once the diagnosis of avulsion fracture is made, treatment
is generally nonoperative. Patients are restricted from athletic
activities and placed on protected weight bearing. A return
to activity is not recommended until early callus is seen on
follow-up radiographs, usually at 3 to 4 weeks. Weight bear-
ing and a regimented muscular rehabilitation program are
then initiated. To prevent reinjury, return to sports should be
delayed until muscular strength and radiographic healing are
noted, usually at the 3- to 4-month mark. Surgical treatment
by internal fixation may be considered if conservative treat-
ment fails, in highly displaced fractures, or in high-level ath-
letes to limit convalescence. While asymptomatic nonunions
may be treated conservatively, symptomatic nonunions often
require surgical fixation, especially when displaced. A dis-
placed avulsion fracture, whether acute or chronic, may not
be chronically painful but may lead to a loss of force if the
muscle heals in a shortened position. Another complication
of avulsion fractures is the development of a painful exostosis
due to abundant callus formation. An exostosis is more likely
to occur in displaced fractures and may be resected if it causes
pain or mechanical symptoms.

A second group of pediatric avulsion fractures occur at
ligament insertions. Two examples of this are pediatric tibial

TaBLE 3.6. Anatomy of adolescent avulsion fracture.

Origin Muscle Comments

Ischial tuberosity Hamstring (all three Most common

possible) Associated with hurdles
ASIS Sartorius, tensor fascia  Associated with sprinting,
lata baseball
AIIS Straight head of rectus
femoris
Greater trochanter Gluteus medius
Lesser trochanter Iliopsoas
Tliac crest Internal and external
obliques
Patella, superior pole  Quadriceps Chronic or acute

Distal femur Medial gastrocnemius May be acute or chronic

AIIS, anterior inferior iliac spine; ASIS, anterior superior iliac spine.
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spine fractures and medial epicondyle apophysitis, or little
league elbow. In the child, the tibial spine may fracture before
the ACL is torn. If the spine is not yet ossified, this will not
be readily differentiated on radiographs and may require an
MRI for diagnosis. This distinction is important because a
chondral fragment of the tibial spine may be repaired pri-
marily while a ligament failure must be reconstructed.”
Similarly, medial epicondyle apophysitis occurs when the
apophyseal cartilage instead of the ulnar collateral ligament
(UCL) fails after repeated stress of the elbow. Although this
is more often a chronic condition, pitchers may present with
an acute injury, concerning for avulsion fracture or ligament
injury. Moreover, many of these children have delayed clo-
sure of the involved growth plate, further confusing diagno-
sis. An MRI will identify whether the UCL is in continuity
and may detect loose chondral bodies associated with this
condition. Though conservative, symptomatic treatment
is preferred, the epicondyle may be fixed with a compres-
sion screw, and the ligament repaired as needed.” Finally,
there may be an increased risk of avulsion fracture at sites of
apophysitis, for example at the patellar tendon insertion in
Osgood-Schlatter disease.**

Avulsion Fractures in Adults

In adults, avulsion fractures occur at the attachment point on
bone of ligaments, tendons, or muscles. In most cases, the
fleck of bone seen on plain radiographs is simply a marker
of injury and will not alter treatment. For example, small
avulsion fragments may be seen after ankle sprain, indicat-
ing lateral ligament injury, or after finger hyperextension,
indicating volar plate injury. Other common avulsion
injuries include those related to the collateral ligaments of
the knee and the base of the fifth metatarsal. In rare cases,
a large or displaced avulsion fragment will require surgical
fixation in order to heal. In these cases, CT may be help-
ful to detail the bony anatomy and displacement or MRI to
further examine soft tissues.”

An avulsion fracture may also act as a marker for other
injuries. For example, the Segond fracture is an avulsion frac-
ture of the lateral tibial plateau found in as many as 90% of
ACL injuries (Fig. 3.26). The less common medial Segond
injury is associated with PCL tears. These are helpful indica-
tors on plain radiographs, which may assist diagnosis or lead
to further imaging.*

Discussion

Avulsion fractures occur at soft tissue—bone interfaces
when bone is the failing tissue. More often avulsion frac-
tures may be viewed as a marker of soft tissue injury and
treated accordingly. However, when diagnosis is unclear,
avulsion fragments are large or displaced, or conservative
treatment fails, advanced imaging and surgical treatment
may be indicated.
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FiG. 3.26. Segond fracture of the lateral tibial plateau (arrow).

Osteonecrosis/Avascular Necrosis (AVN)

Osteonecrosis literally means “death of bone.” It occurs via a
wide range of etiologies in a diverse group of patients but with
a common end, necrosis of bone, leading to pain and dysfunc-
tion. Although sports medicine practitioners are not usually the
primary care provider in cases of osteonecrosis, they may treat
patients with AVN as it generally occurs in the active 20 to 50
age group. Osteonecrosis, or avascular necrosis, also occurs
after trauma, a common etiology in the athletic population.

Background

Osteonecrosis results from a disruption of the blood supply to
bone. Mankin?’ characterized these vascular insults as mechan-
ical vascular interruption, thrombosis and embolism, injury to
or pressure on a vessel wall, or venous occlusion. Thus, osteo-
necrosis is more a description of disease that may result from
a number of insults rather than a specific disease entity. The
subchondral bone is most affected because sinusoids make an
about face turn at the bone—cartilage interface, resulting in a
heightened sensitivity to embolism or thrombosis.

A number of risk factors predispose to vascular compro-
mise and are listed in Table 3.7, while 10% to 20% of cases
are idiopathic. Risk factors occurring in the sports population
are trauma, use of corticosteroids, alcohol abuse, and diving
exposure, but as the athletic population expands, renal trans-
plant recipients, HIV-positive individuals on antiretroviral
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TABLE 3.7. Risk factors for osteonecrosis.

e Trauma

* High-dose corticosteroid use
¢ Alcohol abuse (>400 mL/day)
» Coagulopathies

* High lipid states

* Radiation treatment

« Sickle cell disease

e Caisson disease/diving

* Chemotherapy

e Antiretroviral therapy

therapy, and patients with metabolic disorders may join this
group. Traumatic causes include any event that may compro-
mise the vascular supply to a bone, for example after hip dis-
location or talus fracture. High-dose corticosteroid use is also
a risk factor by an unclear mechanism; however, occasional
intraarticular steroid injections do not increase risk. Identifi-
cation of risk factors is important because MRI is generally
warranted in a symptomatic patient with normal radiographs
and because discontinuation of the offending agent may pre-
vent disease progression.”s%

The presentation of osteonecrosis is often vague, with non-
specific pain as the most common complaint. The clinician
should emphasize the identification of risk factors in the ini-
tial interview, as the physical exam is often equally vague.
Pain with range of motion and loss of terminal motion are
most commonly encountered. Disease in the lower extremities
is often more symptomatic and may present earlier, perhaps
due to the increased stress borne by these joints.

Radiographs are the first line of imaging in avascular necro-
sis and will be normal in early disease. In atraumatic cases,
bilateral radiographs should be obtained and will be positive
in 40% to 80% of cases in the hip.!® If the collapse and scle-
rosis of osteonecrosis are seen on initial radiographs, no fur-
ther imaging is needed. However, if radiographs are normal
in an at-risk patient, an MRI is warranted. Even early in the
disease, MRI details the size and location of the lesion and
is approximately 90% sensitive for identifying osteonecrosis,
compared with 70% to 80% for bone scan.!”! Also, most of the
classification systems used to guide treatment use MRI data in
the early stages. Finally, MRI may be used to track resolution
of disease in certain syndromes, for example in Kienbock’s
disease of the lunate.'”

Although specific classification systems exist for most ana-
tomic classifications, most generally follow the example of
the Ficat system for the femoral head: in stage I, radiographs
are normal; in stage II, sclerotic or cystic changes are seen
without collapse or fragmentation; in stage III, early sub-
chondral collapse or fracture is seen; and in stage IV, severe
collapse is seen.”® Though treatment is site specific, early dis-
ease (stages I and II) may respond to decompression or bone
grafting while late disease generally requires arthroplasty or
arthrodesis. Of course, radiographs do not necessarily cor-
relate with symptoms, while treatment should be dictated by
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symptoms. Also, as the natural course, in terms of symptoms
at least, is variable, surgical treatment should be limited to
symptomatic patients.”

Specific Syndromes of Avascular Necrosis
Femoral Head

Osteonecrosis of the femoral head occurs in 10,000 to 20,000
patients per year, most often in middle-aged men. Its natural
history is poor, with progression of disease and femoral head
collapse occurring in greater than 80% of cases. Protected
weight bearing has proved ineffective for managing disease,
but may be considered in minimally symptomatic or medically
ill patients. Core decompression with or without bone grafting
may be tried early in disease, but studies vary widely as to its
success, with rates of 80% to 95% in Ficat stage I and 20% to
75% in stage II. Vascularized fibular bone grafting is another
newer technique that has been used with variable success
in patients with early to moderate disease.'”® After collapse
occurs, arthroplasty is the standard treatment for intractable
pain, though resurfacing of the femoral head shows promise
and potentially preserves bone in young patients.”

Spontaneous Osteonecrosis of the Knee

Spontaneous osteonecrosis of the knee (SONK) is an idiopathic
condition occurring in older patients, more often women.
Patients present with sudden onset of knee pain and often report
a minor precipitating injury. On exam, there is tenderness over
the affected area, usually the medial femoral condyle, a small
effusion, and relatively preserved range of motion.

First-line imaging is again the radiograph, which will be
negative early in the course of disease. Lesions involving
greater than 50% of the condyle tend to progress and have a
worse prognosis. If radiographs are negative, a bone scan or
MRI is the preferred second-line study and confirms the diag-
nosis of osteonecrosis (Fig. 3.27). Bone scan shows static-
phase uptake limited to the condyle, as opposed to the diffuse
pattern of osteoarthritis. Although MRI is probably more
commonly obtained in these patients, especially if SONK is
not suspected, it may be negative early in disease. This may
result in unsuccessful arthroscopic treatment, as degenera-
tive meniscal tears are common in this age group. This has
led to speculation regarding a causative relationship between
arthroscopy and SONK; however, misdiagnosis or overuse
after arthroscopy is also a possible cause.!%*

In the acute phase (6 to 8 weeks), pain due to SONK may
be severe and is often worse at night. Protected weight bear-
ing should be implemented and the patient followed symptom-
atically. Another option is the use of an unloader brace. Early
lesions may resolve spontaneously with time. Although tradi-
tionally definitive treatment has been deferred until symptoms
and the radiologic lesion stabilize, early percutaneous drilling
to decompress the lesion has shown some promise.'®® If nonsur-
gical treatment fails, osteotomy or unicompartmental or total



108

Fic. 3.27. MRI showing spontaneous osteonecrosis of the knee
(SONK). Findings include a meniscal tear, loss of articular cartilage,
and marrow edema.

knee arthroplasty is usually required. Osteochondral allograft-
ing has also been successful in 70% of patients at 10 years.'*

Talus

Osteonecrosis of the talus is of interest to the sports practi-
tioner as it predominately occurs in younger patients after
talar neck fracture. Osteonecrosis complicates at least 40%
of Hawkins stage II talar neck fractures (fracture with sub-
luxation of the subtalar joint) and 90% of type III fracture
(fracture with displacement of the talar body). After fracture,
the Hawkins sign (subchondral osteopenia) may show revas-
cularization at 6 to 8 weeks, but full revascularization can take
36 months. Magnetic resonance imaging may be used if diag-
nosis is in doubt, but is not needed if collapse has occurred. In
patients with intractable pain despite bracing and antiinflam-
matories, arthrodesis is the gold standard surgical treatment.
Arthroplasty is also available but not appropriate in young,
active patients. Fresh osteochondral allografting is another
new treatment modality for young patients but has been per-
formed in only a small group of patients (Fig. 3.28).197:108

Discussion

Osteonecrosis of bone generally occurs in a young population
and can cause significant morbidity unless diagnosed early. The
clinician should consider the diagnosis in at-risk patients, even

B. Orthopedic Perspective: Bone Injuries in Sports Medicine

FiG. 3.28. Osteochondral allografting has shown promise for treat-
ing posttraumatic osteonecrosis of the talus. These radiographs show
allograft replacement of a localized necrosis in the articular surface
of the talus (arrows). (A) Preoperative. (B) Postoperative.

with nonspecific symptoms (Table 3.8). An MRI is helpful to
make the diagnosis and define the lesions when radiographs are
negative. Early diagnosis is important, as joint-preserving pro-
cedures will not be successful in later stages.

Other Lesions
A number of other bony lesions may be identified on MRI,

from rare but morbid conditions like malignant tumors to
common entities like osteoarthritis.
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Table 3.8. Other sites of osteonecrosis.*

Anatomic site Eponym Comments
Metatarsal head, Freiberg’s ~ Occurs in adolescent girls
2nd 3rd Generally responds to symptomatic
treatment
Navicular Kohler’s Occurs in young males
Usually resolves spontaneously
Lunate Kienbock’s Usually occurs in a one-vessel
lunate
Associated with repetitive trauma
Scaphoid Preiser’s Commonly occurs after fracture
Rarely spontaneous
Capitellum Panner’s Occurs in young males
Usually resolves spontaneously
Proximal humerus Hass’s Similar to avascular necrosis

(AVN) of the hip
though generally less symptomatic

*The precise cause of some of these lesions and their relationship to osteonecrosis
are debated

Tumor

Tumors of bone are rare, and a full discussion of this topic is
beyond the scope of this chapter. In the young, athletic popu-
lation, however, osteoid osteoma is one of the more common
primary bone tumors. It classically presents in young men
with pain about the knee at night that is relieved by aspirin.
Osteoid osteoma may be seen on plain radiographs as scle-
rosis or a nidus but is better localized on CT or the highly
sensitive bone scan. An MRI will show a variable appear-
ance of the lesion and surrounding edema. Osteoid osteoma
may be treated with radiofrequency ablation or curettage.
Conversely, enchondromas are frequently and well seen on
MRI but rarely require treatment. Enchondromas are islands
of mature hyaline cartilage within bone that are benign and
rarely symptomatic. However, if multiple enchondromas are
seen, further workup should be initiated because of the high
rate of malignant transformation in Ollier’s and Mafucci’s
syndromes.'%”

Infection

Magnetic resonance imaging is highly sensitive in identify-
ing osteomyelitis and has a negative predictive value of 95%.
However, the marrow edema seen in osteomyelitis may be
nonspecific and may be confused with other inflammatory
conditions.'"”

Arthritis

Osteoarthritis is a common finding in the aging athlete. It
is most reliably imaged on plain radiographs. Magnetic
resonance imaging is a sensitive tool for detecting the diffuse
changes of bone, cartilage, and meniscus seen in osteoarthritis
but is not routinely used. However, MRI may be considered
if an injury occurs in the setting of arthritis, and soft tissue
injury is suspected.
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Metabolic Disorders

Metabolic disorders such as rickets, osteomalacia, and
Paget’s disease, show characteristic changes on plain radio-
graphs such that MRI is generally not the first-line imaging
modality.

Conclusion

While bone may be overlooked as simply the mechani-
cal framework of the body, it is, in reality, a dynamic and
responsive tissue. Accordingly, injuries to bone are common
in the athlete and must be treated and rehabilitated with both
mechanical and physiologic means. While severe or chronic
injuries to bone are often seen on the radiograph, early and
subtle injuries often require advanced imaging techniques for
accurate diagnosis and early treatment.
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A. Radiologic Perspective: Imaging of the Spine in Sports Medicine

Mini N. Pathria

Diagnostic imaging plays an increasingly important role in
the detection, management, and follow-up of spinal disorders.
The use of a wide range of imaging modalities such as rou-
tine radiography and scintigraphy, as well as newer imaging
modalities such as computed tomography (CT) and magnetic
resonance imaging (MRI) allow accurate diagnosis of a broad
range of osseous, articular, and soft tissue abnormalities in the
spine. This chapter presents a broad overview of the appropri-
ate use of these modalities in relation to an accurate workup
of degenerative conditions, neoplastic disease, infection, and
spinal trauma, and discusses the indications for and the role of
diagnostic imaging for specific disorders of the spine related
to sports medicine, with special emphasis on MRI assessment.
The MRI appearance of a number of common sports related
disorders of the spine is discussed and illustrated. While diag-
nostic imaging accurately depicts the anatomy of a multitude
of disorders involving the spine, it must be emphasized that
the findings from imaging studies must be interpreted in con-
junction with clinical and laboratory findings for accurate
diagnosis and optimal patient management.

Overview of Imaging Modalities

Imaging modalities are categorized into two groups based
on whether or not they employ ionizing radiation to form an
image. The commonly used modalities that employ ioniz-
ing radiation are radiography, conventional tomography, CT,
myelography, and scintigraphy. Magnetic resonance imaging
and ultrasound do not require the use of ionizing radiation to
form an image.

Conventional Radiography

Conventional radiography is the initial screening examination
for the spine due to its ability to visualize osseous structures
with high spatial resolution, relatively low cost, and wide-
spread availability." The ability to visualize compact cortical
bone is excellent, but the trabecular bone is more difficult to

evaluate. Bone lesions producing disruption of the vertebral
cortex, such as fractures and neoplasms destroying the verte-
bral borders, are relatively easily visualized. Bone loss limited
to trabecular bone from tumor, osteoporosis, or infection is
less easily seen. The presence of metal is not a limiting fac-
tor for radiography as it is for many advanced imaging tech-
niques, allowing assessment of the postoperative spine safely
and without artifact. Assessment of the soft tissues, however,
is limited due to the poor contrast resolution of radiography.
Conventional radiographs are helpful for identifying soft tis-
sue gas or radiopaque foreign bodies, but are very limited
for detailed assessment of soft tissue lesions other than gross
swelling and large masses.

While standard radiographs are a static form of imaging,
dynamic fluoroscopy and stress radiography are commonly
employed to assess spinal alignment, motion, and stability.
Radiographs can be obtained at the extremes of the volun-
tary range of motion or during manual application of distrac-
tion or angular stress. These stressed views may demonstrate
malalignment or abnormal motion due to instability when no
abnormalities are seen in the neutral position.

Conventional and Computed Tomography

Tomographic imaging methods allow imaging of a selected
predetermined plane section of a solid object. Conventional
tomography is an obsolete radiographic technique whereby
synchronous motion of the film and x-ray tube produced blur-
ring of objects outside the selected focal plane. Conventional
tomography was widely used in the past for assessment of spi-
nal injury and spinal fusion but is no longer widely employed,
having been virtually replaced by CT.

Computed tomography is an ionizing radiographic tech-
nique whereby the body is visualized as a series of stacked
slices, decreasing tissue overlap and affording higher con-
trast resolution as compared to conventional radiography. The
technique has excellent spatial resolution and is excellent for
assessment of the osseous structures. Metallic objects pro-
duce extensive artifact and limit the use of this technique in
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patients with orthopedic instrumentation or metallic foreign
bodies. While CT images are typically acquired in the axial
plane, the data are easily manipulated to allow for planar and
three-dimensional reconstructed images. Reformatted planar
and three-dimensional images generated from the CT data are
valuable for enhancing visualization of abnormalities and for
rendering complicated spatial information in easily under-
standable planes.>

In sports medicine imaging, CT is an important adjunct to
radiographs, particularly in areas of complex skeletal anatomy
such as the spine and pelvis. Itis particularly well suited for the
assessment of spinal injury, and for identification of posterior
arch stress injuries, identifying acute fracture lines, detecting
retropulsed bone fragments narrowing the spinal canal, and
assessing spinal alignment (Fig. 4.1). Recent advances in CT,
such as the advent of rapid imaging using helical CT, have
decreased the imaging time significantly, allowing CT to be
used as rapid and efficient screening tool in the acutely injured
patient.® Due to advances in imaging technology and concerns
about legal liability for missed injuries, CT is rapidly replac-
ing radiography as the preferred imaging modality for screen-
ing of the injured spine, largely due to its higher sensitivity for
osseous injury.*

Myelography

Myelography is an invasive technique that involves the injec-
tion of iodinated contrast material, or less frequently air, into
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the subarachnoid space within the spinal canal via a cervical
or lumbar puncture. Complications of the technique include
headache, leakage of cerebrospinal fluid, contrast reaction,
infection, and, rarely, herniation of cranial contents due to spi-
nal canal depressurization in patients with elevated intracra-
nial pressure. Myelography has largely been replaced by MRI
for assessment of the contents of the spinal canal. Myelogra-
phy is still considered the gold standard for accurate diagnosis
of arachnoiditis, delineation of subarachnoid cysts, assess-
ment of spinal block, and the diagnosis of traumatic nerve root
avulsion. Currently, the technique is typically combined with
a planar imaging techniques such as CT.?

Scintigraphy

Three-phase bone scanning with technetium-99 M—labeled
diphosphonate compounds plays an important role in sports
medicine imaging.® In the spine, scintigraphy is used most
often to survey the skeleton for metastatic disease, to identify
stress injuries, and for the early diagnosis of spinal infection.
While anatomic spatial resolution is limited on bone scans,
scintigraphic activity correlates with functional bone turnover,
affording much higher sensitivity for stress-related injury to
the bone than conventional imaging techniques.® Scintigraphic
techniques are particularly helpful for early diagnosis and
assessment of the metabolic activity and clinical significance
of radiographically evident spondylitic defects.” Single pho-
ton emission computed tomography (SPECT) images afford

A B

FI1G. 4.1. Spine fracture. (A) Lateral radiograph of the cervical spine shows anterolisthesis of C5 relative to C6 (arrow) with rotation and
malalignment of the facet joints at this level. (B) The injury is better characterized on the axial computed tomography (CT) image obtained
at the bottom of C5. The CT shows multiple fractures with rotation of the C5 body toward the left.
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improved spatial localization of areas of uptake and are par-
ticularly useful for assessing the posterior vertebral arch (Fig.
4.2); SPECT images illustrate stress changes in the posterior
arch, particularly in the area of the pars interarticularis, prior
to the development of radiographic abnormality.®

Magnetic Resonance Imaging

Magnetic resonance imaging has an increasingly important
role in the assessment of spinal disorders due to its high sen-
sitivity and accuracy for detecting anatomic abnormalities
involving the osseous and soft tissue structures of the spine.
The technique is noninvasive and does not employ ionizing
radiation, leading to high patient acceptance. Magnetic reso-
nance imaging is multiplanar and provides excellent contrast
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and spatial resolution. Due to advances in coil design and
imaging times, MRI can evaluate long segments of the spine,
allowing visualization of a broad anatomic region at one sit-
ting. The major disadvantages of MRI include relatively high
cost (although the cost has dropped considerably in the last
decade), long examination times requiring a cooperative
patient who can hold still, somewhat limited availability,
and numerous contraindications related to implanted metal-
lic materials. Absolute contraindications for MRI include
implanted pacemakers, cardiac valve replacements, implanted
electrical devices, intraocular metallic bodies, and intracranial
aneurysm clips.” While implanted orthopedic devices are not
a contraindication to the study, the extreme sensitivity of this
technique to implanted metal often results in imaging artifacts
that render the exam uninterpretable.
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F1G. 4.2. Stress fracture of pars. (A) The oblique lumbar radiograph shows a questionable area of lucency in the anterior pars interarticularis of
L4 (arrow), but no definite fracture line is visible. (B) The conventional bone scan appears normal. (C) The single photon emission computed
tomography (SPECT) image shows abnormal uptake in the area of the right L4 pars corresponding to the stress fracture.
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The soft tissue contrast resolution of MRI is far superior to
other modalities. Normal bone marrow in adults is high signal
intensity on both T1 and T2 images owing to the predomi-
nance of fat. The intervertebral disk, which is low signal on
T1 images and increases to intermediate high signal on T2
images, is well seen and easily distinguished from adjacent
tissues. The spinal ligaments and cortical bone are low signal
on all imaging sequences. While mineralized trabecular bone
is not as well seen as with CT, the medullary changes associ-
ated with the osseous pathology render MRI more sensitive
than CT for bone trauma, osteomyelitis, and marrow replace-
ment processes.

Degenerative Diseases of the Spine

Degenerative disease of the spine represents the most com-
mon cause of spine symptoms in the general population. The
syndromes associated with degenerative conditions involv-
ing the spine range from the acute back pain syndrome that
resolves spontaneously over a period of days to weeks, to
chronic debilitating back pain that interferes with the patient’s
long-term well-being and functional ability.

Acute Back Pain Syndrome

The acute back pain syndrome is a common and expensive
health care problem in our society. Approximately 2% of all
adults visit a doctor because of back pain annually, and 60% to
80% of adults develop severe incapacitating low back pain at
some time in their life. Among athletes, the incidence of acute
back pain is even higher, presumably due to overuse and injury
of the spine in this population.'® The cause of the majority of
acute back pain episodes remains unclear. Regardless of the
exact cause, the vast majority of patients with acute back pain
syndrome resolve spontaneously or with conservative therapy.
Muscle strains, ligament strain, facet capsule inflammation,
tears of the annulus fibrosus, and disk herniation have all been
proposed as etiologic factors.!® While mechanical causes play
a role in the syndrome, biochemical undoubtedly play a role.
It has been noted that a pronounced inflammatory response
to disk material is initiated in some patients.!! This inflam-
matory response results in the liberation of phospholipase A,
arachidonic acid, and other mediators of the prostaglandin
pathway."? Antiinflammatory drugs are often successful in
alleviating the symptoms of the degenerative disk condition
without altering the underlying anatomic lesion.

The role of routine imaging in patients with acute back
pain is controversial because of the relatively poor corre-
lation between clinical symptoms and imaging findings in
patients with acute back pain. There is general agreement
that immediate imaging is not indicated unless the patient
is at significant risk for fracture, infection, or neoplasia.'
While numerous imaging guidelines have been proposed, all
of which vary in their details, the general recommendations
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related to the acute back pain syndrome advocate conserva-
tive management for 4 to 7 weeks prior to any diagnostic
imaging, unless the patient meets criteria for earlier radio-
graphic evaluation.'* Suggested appropriateness criteria for
early imaging include neurologic deficit, suspected fracture
due to severe trauma or underlying osteoporosis, suspected
infection, history of malignancy, prior radiation therapy, and
postoperative back pain.

Chronic Degenerative Disorders of the Spine

Degenerative changes in the spine are a common finding
and increase in frequency with aging. Some of the numer-
ous degenerative conditions that affect the spine include disk
dehydration, thinning and herniation, degenerative tears of the
annulus, osteophyte formation, facet osteoarthritis, and bony
proliferation. Inconsistencies in terminology, poor correlation
between imaging findings and clinical symptoms, and limited
impact on patient outcome have led to confusion and contro-
versy about the value of imaging in patients with degenerative
conditions involving the spine. It must be understood that in
the typical patient with low back due to degenerative disease,
early imaging does not appear to have a significant effect on
treatment and outcome. '

In order for imaging to play a useful role in patients with
degenerative spinal disease, accurate communication using a
common and consistent terminology is essential. Terms used
by radiologists and surgeons to describe degenerative diseases
of the spine include spondylosis deformans, intervertebral
osteochondrosis, osteoarthrosis, osteoarthritis, diffuse idio-
pathic skeletal hyperostosis, enthesopathy, degenerative spon-
dylosis, disk desiccation, disk degeneration, disk herniation,
annular fissure, annular tear, and numerous other terms that
may not be applied consistently or precisely. As a result, the
North American Spine Society (NASS), in conjunction with
the American Society of Spine Radiology and the American
Society of Neuroradiology, has developed a consistent termi-
nology that can be used for describing degenerative abnor-
malities of the spine.'®

The NASS terminology avoids the use of the nebulous term
disk herniation and describes lesions of the disk according to
the appearance of the disk and annulus on MRIL.'® The earliest
finding of disk degeneration is dehydration, which is mani-
fest as loss of signal of the nuclear material on T2-weighted
sequences. A generalized bulge refers to the disk’s protruding
circumferentially 3 mm or more beyond the bone margin due
to weakening of annular fibers. A disk protrusion is a focal but
broad-based projection of disk material into the spinal canal.
The hallmark of a disk protrusion is that it is wider in the
coronal plane than in the sagittal plane. A bulge or protru-
sion may be associated with focal area of high signal in the
annular fibers representing an annular tear. These forms of
degenerative disk disease are commonly seen in the asymp-
tomatic population.'” A disk extrusion has a narrow pedicle
and is elongated in the sagittal plane (Fig. 4.3).
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FiG. 4.3. Disk extrusion. An axial T2-weighted MRI at the L5-S1
level shows a large left paracentral disk extrusion (arrow) displacing
the thecal sac.

The most advanced form of disk pathology is a seques-
tered disk, in which the displaced disk fragment has lost its
attachment to the parent disk. Utilizing the NASS terminol-
ogy, Jensen et al."” assessed the spinal MRI findings in 98
asymptomatic adults who had never experienced back pain or
radiculopathy. Only 36% of these asymptomatic individuals
had a completely normal MRI examination, 52% of patients
had at least one bulging disk, and 27% had at least one disk
protrusion. Schmorl nodes (19%), annular defects (14%),
facet joint osteoarthrosis (8%), and spondylolysis (7%) were
also common (Fig. 4.4). This landmark study showed that the
only findings that are infrequent in asymptomatic individuals
are the presence of a frank disk extrusion or sequestration.
Studies utilizing conventional radiography had previously
shown that there is little difference between symptomatic and
asymptomatic individuals in the frequency of spinal anatomic
lesions such as disk space narrowing, osteophyte formation,
and spondylolysis.!® The finding that MRI also failed to dis-
tinguish between symptomatic and asymptomatic individuals
has led to further questions regarding the usefulness of imag-
ing in patients with degenerative disorders of the spine.

Acute Spine Injury

Annually, up to 10,000 patients in the United States survive a
spinal cord injury, the majority of which are caused by motor
vehicle accidents and falls.! Approximately 10% of these seri-
ous injuries are athletic, occurring during a variety of contact
and individual sports.!” The exact incidence of spinal injury due
to sports is difficult to assess due to underreporting of minor
injuries such as sprain and strain. Fortunately, few athletes sus-
tain serious traumatic injury to the spine, and the incidence of
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FiG. 4.4. Degenerative arthritis. A lateral radiograph of the lum-
bar spine shows numerous abnormalities. There are pars defects at
L4 (arrow) with anterolisthesis at the L4-L5 level. There is severe
degenerative disease at L4-L5, producing disk space narrowing, end-
plate sclerosis, and osteophytes. Moderate degenerative changes are
also present at L5-S1.

serious trauma has decreased with improvements in training and
equipment and due to the banning of dangerous maneuvers such
as spear-tackling in football.® The majority of spinal injuries
related to sports are transient myofascial syndromes produced
by nonspecific soft tissue injury. These soft tissue syndromes
resolve spontaneously over a period of several weeks. The exact
pathophysiology of many posttraumatic soft tissue injuries,
such as cervical “whiplash” from rapid acceleration-decelera-
tion, remains unclear. These nonspecific soft tissue pain syn-
dromes do not have any imaging correlates, so routine imaging
for minor spinal injury is not productive. Paraspinal soft tissue
injury in the form of muscle tear or muscle hematoma can be
visualized with CT or MRI, but such morphologic abnormali-
ties are rare in the spinal region (Fig. 4.5).

Imaging the Acutely Injured Spine

Imaging is reserved for patients with major trauma, neurologic
deficit, or significant risk factors for spinal injury. Radiogra-
phy, CT, and MRI are all useful for assessment of the injured
spine. Early identification and accurate imaging characteriza-
tion of spinal trauma is critical for determining appropriate
management and preventing further morbidity or mortality.
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FiG. 4.5. Hematoma. An axial CT examination of the neck in a
patient who sustained direct blunt trauma shows a high attenuation
hematoma (arrow) in the right posterior soft tissues.

Initial evaluation of the traumatized spine begins with conven-
tional radiography. Radiographic assessment of the cervical
spine typically consists of an odontoid view, an anteroposte-
rior (AP) view, a lateral view, and a swimmer’s view of the
cervicothoracic junction if this region is inadequately visual-
ized on the lateral projection. The thoracic and lumbar regions
are assessed with AP and lateral projections. The radiographic
examination should be evaluated for soft tissue swelling, indi-
cating acute trauma; alignment of the osseous structures,
which allows for an indirect assessment of ligament integrity;
and disruption of bony contours, indicating fracture. While
radiographs are a reasonable screening examination and show
the majority of significant spinal injuries, advanced imaging
with CT and MRI is more accurate and often necessary for
adequate assessment of spinal injury.! Because of its higher
sensitivity for spinal injury, most institutions currently rely on
rapid CT for initial screening of the severely injured patient.
Whether CT should be used for screening in all patients with
spinal injury, including patients with low impact trauma with a
low risk of injury, remains controversial.* Magnetic resonance
imaging is useful in patients sustaining traumatic neurologic
injury unexplained by CT due to its ability to directly visual-
ize the nerve roots and spinal cord with this modality.?!

Acute spinal trauma is categorized by the location of
the injury, its presumed mechanism and by the presence or
absence of instability." The most common locations of injury
are the lower cervical and thoracolumbar regions, and the
most common mechanisms of spinal trauma are flexion and
axial loading. The topic of acute spinal injury is extensive and
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beyond the scope of this chapter; a brief review of the imaging
finds of common spinal injuries is presented.

Craniocervical Trauma

The craniocervical junction includes the occipital condyles, as
well as the C1 and C2 vertebral bodies, which have distinctive
anatomy as compared to the remaining vertebrae. This region
of the spine is often difficult to assess radiographically due to
the complexity of its anatomy and the relatively subtle nature
of fractures in this region.?” Injuries of the upper cervical ver-
tebrae are often associated with cranial and facial trauma.’
The craniocervical junction is particularly vulnerable to injury
in children under the age of 10 due to incomplete ossification,
ligamentous laxity, weak neck muscles, and a relatively large
head.”

Fractures of the occipital condyles are typically unilateral
and are markers of high-impact trauma.>* The only radio-
graphic finding in such fractures is prevertebral edema; the
fracture is notoriously difficult to see on radiographs and
is seen best with CT.?? Craniocervical dissociation is a rare
injury that is almost always fatal at the time of the injury. The
mechanism of injury is typically a severe distractive force
resulting in anterior and superior displacement of the cranium
relative to the superior articular facets of C1.2> Radiographic
findings include distraction and anterior displacement of the
anterior rim of the foramen magnum (basion) in relation to
the dens, widening of the occipitoatlantal articulations, and an
abnormal Power’s ratio.”

Atlantoaxial instability refers to abnormal alignment
between C1 and C2. There are several forms of instability at
this joint, the most common being anterior displacement of
Cl1 relative to C2 due to incompetence of the transverse liga-
ment. Less common forms of malalignment include inferior,
posterior, superior, and rotary malalignment. Traumatic atlan-
toaxial rotary fixation (AARF) is a poorly understood form of
atlantoaxial malalignment in which the ring of C1 becomes
fixed in rotation relative to C2, resulting in a rigid torticollis
deformity.'! The odontoid view shows persistent asymmetry in
the sizes of the C1 lateral masses and in the distance between
the dens and the lateral masses of C2. Rotary fixation may be
due to trauma, but is more commonly associated with retro-
pharyngeal and upper respiratory tract infection.

Traumatic atlantoaxial instability is most commonly due to
a tear of the transverse ligament or avulsion of the tubercle to
which it attaches to the lateral mass of C1. This injury can be
quite subtle on neutral radiographs and may be apparent only
when the patient flexes the spine.?? Flexion results in anterior
translation of CI relative to C2, with widening of the space
between the posterior margin of the C1 vertebral body and the
anterior margin of the dens. While transverse ligament incom-
petence is frequently traumatic, there are numerous congeni-
tal and inflammatory disorders that can disrupt the ligament.
Common atraumatic causes of atlantoaxial instability include
rheumatoid arthritis and other inflammatory arthropathies,



FIG. 4.6. Down syndrome. A lateral radiograph of the cervical spine
in a patient with Down syndrome demonstrates congenital hypoplasia
of the posterior arch of C1 and marked widening of the atlantoaxial
joint. Degenerative changes are present in the lower cervical spine.

infection, osseous anomalies, and congenital laxity or defi-
ciency of the transverse ligament. The most common con-
genital etiology is Down syndrome; atlantoaxial instability is
estimated to be present in 10% to 40% of patients with the
disorder, but it is rarely symptomatic.’® An atlantoaxial dis-
tance of greater than 4.5 mm on lateral flexion and extension
radiographs has been recommended as the criterion for atlan-
toaxial instability?” (Fig. 4.6). During the 1980s, the National
Special Olympics Committee and the American Academy of
Pediatrics recommended that sports participation be restricted
for individuals meeting this criterion, though the need for such
restriction remains controversial.?® The American Academy
of Pediatrics no longer recommends routine radiography prior
to sports participation, but instead recommends careful neu-
rologic evaluation in children with Down syndrome prior to
participation in sports, particularly sports that result in hyper-
extension of the spine.?®

The most common fractures seen at the C1 level include the
relatively benign isolated fracture of the posterior arch pro-
duced by hyperextension, and the more significant Jefferson
injury, which involves both anterior and posterior arches of
the atlas. Isolated fractures of the posterior arch may be uni-
lateral or bilateral and are well seen on lateral radiographs and
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CT. Unilateral fractures are typically undisplaced, whereas
bilateral fractures show superior displacement of the poste-
rior fragment. The clinical course of these fractures is benign,
though some patients experience severe occipital neuralgia
related to the proximity of the occipital nerve to the fracture
line.! The Jefferson fracture of C1 is an axial loading injury
resulting in both anterior and posterior arch fractures, creating
a sagittal defect in the vertebra that allows peripheral extru-
sion of the fracture fragments. The Jefferson fracture may be
unilateral or bilateral. The odontoid projection shows charac-
teristic lateral displacement of the lateral masses of C1 with
respect to the lateral masses of C2. While the fracture lines
may not be directly visualized on routine radiographs, CT
clearly demonstrates the pattern of osseous failure.

The most common fractures at the C2 level are fractures
of the base of the odontoid process and traumatic spondylo-
listhesis (hangman’s fracture).?> Odontoid fractures are subdi-
vided into three types. The rarest form is the type 1 fracture,
in which the fracture line occurs obliquely in the upper dens.
Type 2 fractures are transverse fractures involving the base of
the dens, whereas type 3 injuries extend into the C2 vertebral
body.! Fractures of the odontoid are frequently overlooked
due to the undisplaced nature of many such injuries and diffi-
culty obtaining high-quality open-mouth radiographs.? Frac-
ture displacement, if present, results in disruption and step-off
of the posterior vertebral margin of C2, and malalignment of
spinolaminar line at the C1-C2 level. Since odontoid frac-
tures are frequently transversely oriented, thin sections and
reconstructions are recommended for adequate CT assess-
ment. Traumatic spondylolisthesis of C2, also referred to as a
hangman’s fracture, is typically caused by hyperextension. In
this injury, there are bilateral fractures of the pars interarticu-
laris of C2 that develop immediately anterior to the inferior
articular facets. Approximately 20% of such injuries extend
into the C2 vertebral body; vertebral canal disruption may also
be present with resultant vascular injury. On radiographs, the
fracture typically results in kyphosis and anterior displace-
ment of the body of C2 relative to C3, with retropulsion of the
posterior arch of C2.

Lower Cervical Spine Trauma

The lower cervical spine is the most common location for
nonfatal vertebral fractures in adults. Injuries in the lower
cervical spine are categorized according to their presumed
mechanism.” The most common mechanisms of injury are
hyperextension or hyperflexion, either alone or combined with
rotation. Axial loading, lateral bending, and shearing mecha-
nism account for the remainder of lower cervical injuries.
Flexion injuries to the spine are the most common form of
lower injury; these injuries are typically related to a blow on
the posterior skull or indirect injury resulting in flexion and
compression of the cervical region. Stable injuries associated
with flexion include minor compression fractures of the supe-
rior endplate of the vertebral body and the “clay shoveler’s”
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fracture of the spinous process. The latter fracture is an avul-
sion fracture that develops most commonly at the C7 and T1
levels. Unstable flexion injuries include the flexion teardrop
fracture and bilateral facet lock. The teardrop fracture refers
to an avulsed triangular piece of bone arising from the antero-
inferior vertebral body in association with posterior ligament
injury and malalignment of the spine.* This fracture may be
difficult to distinguish from the classic burst fracture caused
by axial loading as the two injuries are closely related.!
Bilateral facet lock is due to massive posterior ligament injury
and is easily recognized on the lateral view owing to anterior
vertebral displacement of the superior vertebra; the displace-
ment is typically greater than 50% of vertebral body width
(Fig. 4.7).

The most difficult flexion injury to identify radiographically
is flexion instability related to injury limited to the posterior
soft tissues. In the majority of cases of posterior ligament dis-
ruption, there is no fracture and the use of cervical collars and
spasm at the time of injury can mask malalignment and angu-
lar deformity (Fig. 4.8). If present, radiographic findings indi-
cating significant damage to the posterior ligaments, include
widening of the interspinous space, widening of the facet joint,
focal kyphotic angulation, and greater than 3 mm of anterior
vertebral translation.?! In severe injuries, the initial lateral film
may show these findings, but mild injuries frequently require
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delayed flexion radiographs for detection. Computed tomog-
raphy is typically normal unless the injury is severe.

The diagnosis of isolated ligament injury is made most
effectively with MRIL.*?> The normal ligaments appear as
thin well-defined linear bands of low signal intensity. Torn
ligaments appear thickened, irregular, or disrupted on T1-
weighted images, and show high signal within their substance
on the T2-weighted images.** Adjacent soft tissue swelling
and hemorrhage are present in the acute phase of the injury.
Assessment of the spinal ligaments is hampered significantly
by patient scoliosis and obliquity of position.

Flexion combined with rotation results in the unilateral
facet lock injury. This dislocation can be difficult to identify
on radiographs as the degree of vertebral displacement may
be minimal. Findings on radiographs include focal rotation
at the site of injury, narrowing of the spinolaminar distance,
and mild anterolisthesis of the superior vertebra.?® The most
specific finding is the presence of an abnormal reversal of the
relationship of the involved facets with anterior displacement
of the inferior articulating facet of the cranial vertebra relative
to the superior articulating facet of the lower vertebra. Com-
puted tomography shows the displacement well and enables
assessment of the foraminal stenosis commonly associated
with this injury.** On axial images, CT shows a “naked” facet
and the abnormal reversed position of the dislocated facet
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F1G. 4.7. Bilateral facet lock. (A) The lateral cervical radiograph shows anterior displacement of C5 relative to C6 of greater than half the
width of the vertebral body. There is severe kyphosis and facet malalignment at the injured level. (B) The reconstructed 3D CT image shows
facet malalignment (arrow) with the C5 facet dislocated anterior to the C6 facet.



FiG. 4.8. Hyperflexion injury. A lateral radiograph of the cervical
spine obtained in flexion shows subtle abnormalities at the C3-C4
level consistent with flexion injury to the posterior ligaments. There
is 2mm of anterolisthesis, as well as widening of the C3-C4 interspi-
nous distance, widening of the posterior aspect of the C3-C4 facet
joints (arrow), and a mild kyphotic deformity at the injured level.

joint, though these findings are easier to appreciate on the
sagittal reconstructed images.

Hyperextension of the lower cervical spine produces a wide
spectrum of osseous and soft tissue spinal injuries. These inju-
ries typically develop due to an abrupt deceleration related to
motor vehicle accidents or from impaction injury of the cra-
niofacial region. The hyperextended position narrows the spi-
nal canal, and patients can sustain severe neurologic damage
with a paucity of radiographic findings.* Lower cervical inju-
ries produced by hyperextension include the extension tear-
drop fracture, hyperextension dislocation, and hyperextension
sprain. The extension teardrop fracture is a triangular avulsion
fracture originating from the anteroinferior corner of one of
the upper cervical vertebrae. In the absence of malalignment
and angulation, this type of fracture typically has a benign
clinical presentation and outcome.

Hyperextension dislocation results from a more severe force
that causes injury to the anterior longitudinal ligament and
then disrupts the disk, anulus fibrosus, or bony attachments
of the annulus to such a degree that vertebral retrolisthesis can
develop.® Prevertebral hematoma is generally present following
an injury of this type. Thin linear avulsion fractures arising
from the endplate are seen in a small minority of patients.
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FiG. 4.9. Hyperextension injury. The lateral radiograph shows a
hyperlordotic deformity at the C3-C4 level. There is widening of the
anterior disk and anterior aspect of the facet joints, as well as retro-
listhesis of the C3 vertebral body.

Retrolisthesis may be minimal despite significant ligament
injury.’” In patients with degenerative disease, distinction
of acute from chronic retrolisthesis is difficult, but listhesis
greater than 3 mm is suggestive of trauma, particularly if there
is disk widening or an associated lordotic deformity (Fig. 4.9).
Disk space widening may be apparent only on extension views
after the patient is placed in skeletal traction.’’

Significant neurologic injury can occur in the hyperextended
spine in the absence of ligament damage or frank vertebral dis-
placement.*® In this injury, referred to as hyperextension sprain,
the spinal cord is compressed between the posterior vertebral
body or posterior osteophytes and the infolded ligamenta
flava, resulting in cord damage.*® The typical clinical presenta-
tion is either transient neuropraxia or central cord syndrome
caused by hemorrhage in the central gray matter.*® Neuro-
logic deficit related to hyperextension sprain develops most
frequently in the elderly patient with degenerative changes.
In young patients, congenital spinal stenosis significantly
increases the risk of spinal cord injury following a hyperexten-
sion injury. Spinal canal stenosis can be detected radiographi-
cally by measuring the sagittal diameter of the spinal canal or
by measuring the ratio of the diameter of the spinal canal to
the width of the vertebral body.* The latter method is more
accurate because it is not as affected by film magnification or
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body habitus.** Other than showing degenerative changes or
stenosis, radiographs in patients with hyperextension sprain
are typically normal or show only mild prevertebral soft tissue
swelling. Computed tomography is also insensitive for detec-
tion of ligament and cord injury. Magnetic resonance imaging
is the optimal method for evaluating the spine in such patients.
Prevertebral hematoma, disruption of the anterior longitudinal
ligament, anulus fibrosus, and intervertebral disk, as well as
the presence or absence of cord compression or hemorrhage
can all be visualized directly with MRI*! (Fig. 4.10).

Prior to MRI, assessment of the spinal cord was limited to
detecting gross compression or transaction. Magnetic resonance
imaging allows direct assessment of the cord substance itself.
Spinal cord transection and laceration are irreversible lesions of
the cord that show anatomic discontinuity and disruption of the
cord substance on T2-weighted images (Fig. 4.11). Contusions
are hemorrhagic lesions of the cord that have a variable progno-
sis, depending on their size and signal characteristics. Macro-
scopic cord hemorrhage results in signal inhomogeneity of the
cord substance on T1-weighted sequences and is associated with
a poor prognosis.*? A better prognosis is seen in patients with
cord “edema,” a form of mild contusion. In this pattern, the cord
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may be enlarged focally, shows normal signal on T1-weighted
sequences and demonstrates signal abnormalities only on T2-
weighted sequences.® The area of contusion is seen as a linear
or spindle-shaped focus of hyperintense signal within the cord
substance. Edema extending over multiple spinal segments has a
worse prognosis than short regions of signal abnormality.

Upper Thoracic Spine Trauma

The upper thoracic spine is relatively rigid because of the
large size of the vertebral facets and the support provided by
the ring formed by the spine, sternum, and rib cage.* Though
fractures and fracture-dislocations in the upper thoracic spine
are not common, they exhibit a disproportionate risk of neuro-
logic injury due to the relatively small size of the spinal canal
in this anatomic area.* Upper thoracic fracture-dislocations
are severe injuries related to major trauma that are associated
with a very high incidence of severe neurologic deficit. Frac-
ture-dislocations are easily recognized on radiographs due to
the extensive bone fragmentation and vertebral displacement
typically present in these injuries.** Recent advances in CT
technology enable the assessment of long segments of the

A

F1G. 4.10. Cord contusion. (A) The sagittal CT image shows extensive degenerative disease with osteophytes and multifocal disk protrusions.
(B) The corresponding T2-weighted MRI shows compression of the cervical cord and mild high signal (arrow) within the cord substance due

to contusion. Note the edema in the anterior prevertebral soft tissues.
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F1G. 4.11. Cord transaction. A T2-weighted sagittal MRI of the
cervical and upper thoracic spine shows a fracture-dislocation
involving T3-T5, with transection of the thoracic cord (arrow) at
the level of the injury. Note the thickening and abnormal signal
in the damaged cord adjacent to the transaction. Ligament dam-
age with disruption of the ligamenta flava is present in the lower
cervical region (arrowhead).

spine rapidly and efficiently in patients with complex thoracic
injury.* Magnetic resonance plays a complementary role for
evaluation of the osseous injury, but is preferred for evaluating
the spinal canal and spinal cord.

The majority of fractures encountered in the T1 to T10
region are compression fractures related to diminished bone
mass caused by osteoporosis.*® On conventional radiographs,
the most common appearance seen with osteoporotic fractures
is vertebral body height loss of greater than 20% limited to the
anterior vertebral body. Alternate radiographic patterns are
concavity or compression of the central portions of the ver-
tebral endplates, or less commonly, height loss limited to the
posterior vertebral margin.*® Due to the brittle nature of osteo-
porotic bone, many osteoporotic fractures develop height loss
of both the anterior and posterior vertebral body with retro-
pulsion of bone into the spinal canal, leading to neurologic
compromise?’ (Fig. 4.12). In the severely osteopenic patient,
mild fractures can be difficult to appreciate with conventional
radiography. Minimally compressed fractures can also be dif-
ficult to appreciate on CT due to the lack of a clear-cut fracture
line in the deformed bone. Magnetic resonance imaging is an

FI1G. 4.12. Osteoporosis. The lateral radiograph of the lumbar spine
in a 68-year-old woman shows diffuse osteopenia. There is a severe
compression fracture of the L1 vertebral body (arrow) with loss of
height of the anterior and posterior vertebral body.

excellent method for assessment of osteoporotic compression
fractures. Acute fractures manifest bone edema replacing the
normal fatty marrow signal on T1-weighted images. Magnetic
resonance imaging is also helpful for distinguishing compres-
sion fractures related to osteoporosis from pathologic frac-
tures.*®

Thoracolumbar Trauma

After the lower cervical region, the most commonly injured
region of the spine is the thoracolumbar junction. The most
widely used classification for injuries at the thoracolumbar
junction is the Denis classification, which divides the spine
anatomically into three longitudinal columns.*” The anterior
column includes the anterior half of the vertebral body, the
anterior half of the intervertebral disk, as well as the anterior
longitudinal ligament. The middle column, which is func-
tionally the most important for maintaining spinal stability,
includes the posterior half of the vertebral body, the posterior
half of the disk, and the posterior longitudinal ligament. The
pedicles and all the osseous and ligaments structures posterior
to them make up the posterior column.
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The Denis classification subdivides injuries of the thoracolum-
bar region into minor and major variants. The minor category
includes those injuries consisting of a single unilateral fracture
limited to the posterior bony arch, such as an isolated laminar or
transverse process fracture. Major injuries include compression
fractures, burst fractures, seat-belt type injuries, and fracture-
dislocations. These injuries are defined based on the number and
patterns of columns involved.! Compression fractures are com-
mon injuries typically produced by flexion where the osseous
disruption is limited to the anterior column. The burst fracture is
a more severe injury caused by axial loading, with disruption of
bone at both the anterior and middle columns, often resulting in
retropulsion of bone fragments into the spinal canal. On radio-
graphs, burst fractures can be distinguished from compression
fractures by identifying the loss of height of the posterior ver-
tebral margin or retropulsed bone fragments in the spinal canal.
Burst fractures with associated posterior element fractures can
result in widening of the interpedicular distance. The extent of
osseous retropulsion is well seen with both CT and MRI, though
MRI is preferred for direct visualization of the neural structures
and for assessing the spinal ligaments.** Computed tomography is
superior for mapping the fracture lines and for visualizing undis-
placed fractures of the posterior vertebral body column. Seat-belt
injuries are produced by hyperflexion of the spine, resulting in
distraction injury of the posterior and middle columns. Such inju-
ries produce posterior ligament injury and horizontal vertebral
fractures, often resulting in a kyphotic deformity. Fracture-
dislocations are the most severe injury, resulting in disruption of
all three spinal columns, allowing translation and displacement
of the injured vertebrae® (Fig. 4.13).

Lower Lumbar Trauma

The lower lumbar spine includes the vertebra below L.2. The same
injuries that are found at the thoracolumbar region also occur in
the lower lumbar spine, though with decreased frequency. This
anatomic region is less mobile, deeper, and better protected by
large overlying muscles and is therefore less commonly injured.
The most common fractures seen following acute trauma to the
lower lumbar spine are compression fractures, burst fractures,
and fractures of the transverse processes. Compression fractures
in the lower lumbar region tend to show more prominent central
height loss of the endplate than the typical anterior height loss
associated with thoracolumbar fractures. Burst fractures in the
lower lumbar region show a similar pattern of preferential central
height loss with a relative lack of kyphotic deformity.>
Transverse process fractures are common injuries related
to lateral bending of the lumbar spine; multiple ipsilateral
fractures are typically present.’! There is also an increased
incidence of transverse fractures of the lower lumbar verte-
brae in patients with injury to the posterior pelvis, presum-
ably due to avulsion by the iliolumbar ligaments.*> Transverse
process fractures are considered mechanically stable, though
one must be aware that a small proportion are associated with
psoas hemorrhage or injury to the genitourinary tract.>' Frac-
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F1G. 4.13. Fracture-dislocation. A lateral radiograph of the thoraco-
lumbar junction shows a complex fracture-dislocation centered at
L2. There is malalignment of all the spinal columns and telescoping
of the spine at the level of the injury.

tures of the transverse processes may be difficult to identify
on radiographs due to the presence of overlying bowel mate-
rial and intestinal gas. They are frequently first identified on
abdominal CT, a technique that also enables assessment of the
adjacent retroperitoneal soft tissue structures.’!

Chronic Repetitive Injury
Spondylysis and Spondylolisthesis

Spondylolisthesis is a form of spinal malalignment that refers
to anterior slippage of the superior vertebral body relative to
the inferior vertebral body. Wiltse and coworkers® have clas-
sified spondylolisthesis into dysplastic, isthmic, degenerative,
traumatic, and pathologic types. The most common causes are
degenerative due to osteoarthritis of the facet joints and isthmic
due to defects of the pars interarticularis related to chronic fatigue
fractures resulting from repeated trauma and stress. The sports
most commonly associated with spondylolysis of the pars are
gymnastics, diving, and contact sports such as football, hockey,
soccer, and lacrosse.>* Acute fractures of the pars interarticularis,
which are far less common than chronic spondylolysis, are sec-
ondary to severe hyperextension trauma, and are typically undis-
placed.® Pars interarticularis defects typically develop between
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the ages of 5 and 15 years.> Predisposing factors include male
gender, positive family history, and the presence of developmen-
tal deficiency of the posterior vertebral arch.® The prevalence of
pars interarticularis defects in adults is 2.3% and 10%, though the
majority of these are not symptomatic.®

The lateral radiograph demonstrates the defect as an oblique
lucent line coursing in a posterosuperior to anteroinferior direc-
tion through the pars interarticularis. In very early lesions without
a clearly established fracture line, only osteopenia, narrowing, or
elongation of the pars may be apparent. As the defect matures,
sclerosis and fragmentation in the area of the defect become
apparent.”’” Oblique radiographs are not usually necessary but
can be helpful in equivocal cases. On oblique radiographs, the
isthmic defect appears as a collar around the neck of the so-called
Scottie dog of Lachapele.>® Oblique views are particularly help-
ful in patients with unilateral defects, as these rarely result in
malalignment and are difficult to visualize on the lateral view due
to the superimposition of the normal contralateral side. Unilat-
eral spondylolysis produces reactive sclerosis and hypertrophy of
the contralateral posterior arch® (Fig. 4.14). The bony sclerosis
can simulate the appearance of an osteoid osteoma, although the
absence of a nidus and the presence of dense homogeneous scle-
rosis favor reactive hypertrophy.

F1G. 4.14. Unilateral spondylolysis. (A) An anteroposterior (AP)
radiograph of the lumbar spine shows sclerosis and hypertrophy of
the right L2 pedicle (arrow). There is a mild scoliosis at this level
and the L2 spinous process is deviated to the left. (B) The oblique
radiograph shows a well-defined defect (arrow) through the left L2
pars interarticularis.
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Spondylolisthesis due to spondylolysis occurs most fre-
quently at the L5-S1 level. Over 90% of pars interarticularis
defects that allow slippage occur at this level, with the remain-
der occurring mainly at L4-L5% (Fig. 4.15). By contrast, degen-
erative malalignment caused by facet osteoarthritis occurs at
L4-L5 in 90% of cases.” Spondylolisthesis is graded according
to the degree of malalignment. The grade of the slip increases
with each quarter of the AP dimension of the lower vertebra
that is uncovered. With severe slippage, secondary changes
in the morphology of the vertebral body may be evident with
exaggerated posterior wedging of superior vertebra and round-
ing of the superior margin of the inferior vertebra.®

Transaxial CT scans clearly demonstrate lytic defects of
the pars interarticularis as disruptions in the vertebral ring
just above the superior aspect of the apophyseal joints. Pars
interarticularis defects can be differentiated from facet joints
by their more horizontal orientation and the presence of irreg-
ularity or fragmentation at the edges of the defect. Sagittal
reformatted images more clearly demonstrate the course of
the osseous defect and allow accurate quantification of the
presence and degree of anterior displacement of the vertebral
body. The combination of anterior vertebral displacement and
posterior extrusion of the isolated posterior arch produces a
characteristic elongated appearance of the AP diameter of the
spinal canal® (Fig. 4.16).

Magnetic resonance imaging shows higher specificity for
stress injuries of the pars interarticularis. Edema within the
pedicle can be identified prior to the development of a frank
defect, affording earlier detection.®® The presence of bone
edema results in increased signal within the marrow of the
affected pars interarticularis on T2-weighted and short-tau

FI1G. 4.15. Spondylolisthesis. A lateral view of the lumbosacral junc-
tion shows grade 2 anterolisthesis of L5 relative to the sacrum due to
chronic bilateral pars defects. Note the degenerative changes at the
L5-S1 disk space.
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FIG. 4.16. Spondylolysis. An axial CT examination in a patient with
bilateral LS pars defects show the characteristic elongation of the
spinal canal seen in this disorder due to anterior displacement of the
vertebral body relative to the isolated posterior arch.

inversion recovery (STIR) images. Established pars interar-
ticularis defects typically are of intermediate signal inten-
sity on all pulse sequences, although their signal intensity
is somewhat variable depending on the exact composition
of the tissues within the defect.®® Reactive alterations in the
bone marrow within the adjacent pedicles, presumably due to
altered biomechanics, may also be present.®® Magnetic reso-
nance is excellent for demonstrating associated spondylolis-
thesis, disk herniation, and foraminal stenosis associated with
spondylolisthesis. The foraminal deformity can be detected on
sagittal CT reformations but is easier to evaluate on sagittal
MRI.®" Obliteration of the fat surrounding the nerve root sug-
gests nerve root entrapment within the narrowed foramen.®'
Unlike the preceding imaging techniques, scintigraphy
affords a functional assessment of metabolic activity in the
region of the isthmus. In one study, Pennell et al.®> noted that
scintigraphy was positive in 73% of patients with pars sclero-
sis, whereas only 40% of patients with lytic defects and 17%
of patients with well-established chronic defects had abnormal
bone scans.” Single photon emission computed tomography is
more sensitive for detection of stress injuries to the posterior
vertebral arch than conventional bone scans.®® In one series of
71 patients with abnormal SPECT images, only 32 had find-
ings on planar scintigraphy® (Fig. 4.17). Discordance between
radiography and scintigraphy occurs commonly because acute
stress injuries of the pars interarticularis may not be apparent
radiographically, and sites of long-standing spondylolysis may
not be active metabolically.” Despite its ability to detect func-
tional bone turnover, the correlation between clinical symptoms
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and the pattern of radionuclide uptake in patients with spondy-
lolysis is still poor, and clinical assessment is essential to deter-
mine the significance of spondylolysis.

Stress Fractures

While stress injuries of the pars interarticularis are common and
well known, other sites within the spine are also vulnerable to
stress fracture in the athlete, though the frequency of non—
pars-related stress injuries is considerably lower.* Spinal stress
fractures can involve the pedicle, lamina, spinous process, upper
sacrum, and the ring apophysis. Increased scintigraphic activity
is often the clue to the presence of these uncommon injuries,
though anatomic injuries may also manifest abnormalities, par-
ticularly MRI. Stress fractures of the pedicle may be unilateral
or bilateral. The most common etiology for stress fractures of
the pedicle appears to be overload related to a unilateral spon-
dylolysis involving the contralateral pars interarticularis.®
Oblique fractures of the upper sacrum are typically seen in elite
runners who present with low back pain and symptoms simulat-
ing sciatica.® Sacral fatigue fractures, like the more common
insufficiency fracture of the sacrum associated with underlying
osteoporosis, are well demonstrated on CT and MRI.

Injuries of the Ring Apophyses

The ring apophyses are thin growth centers at the superior and
inferior endplates that are not fused with the vertebral body
during childhood and adolescence. These ring apophyses
serve as the attachment site of the longitudinal spinal liga-
ments and the intervertebral Sharpey’s fibers.’” Avulsions of
the posterior apophyseal ring of the lumbar vertebrae are trau-
matic lesions that develop in children and adolescents. Acute
and chronic injuries of the vertebral ring apophysis can take
place in any region of the spine. Acute avulsions are most
common in the cervical region, whereas chronic abnormalities
with delayed presentation are more commonly seen in the tho-
racic and lumbar regions.' The limbus vertebra, which repre-
sents detachment of the anterior portion of the ring apophysis,
is typically located at the anterosuperior endplate of one of the
thoracolumbar vertebrae. This lesion is typically asymptom-
atic, though it may be seen in association with Scheuermann’s
disease. Posterior injuries are more likely to come to medical
attention due to back and leg pain, paraspinal spasm, and signs
of nerve entrapment.®®

The detached limbus may be difficult to visualize on conven-
tional radiographs, particularly those that are located posteriorly
(Fig. 4.18). Findings on the lateral view include mild disk space
narrowing, irregularity of the affected vertebral corner, and
an irregular wedge-shaped ossific density displaced from the
vertebral body.®® On CT scans, the osseous fragment is clearly
visualized, typically appearing as a well-corticated, rounded or
arcuate bone fragment adjacent to a vertebral body defect that
simulates a Schmorl node.® The fragment must be differenti-
ated from calcified disk material and osteophytes. On sagittal
MRYI, the displaced bone fragment is less clearly defined and
easily confused with an ossified disk-osteophyte complex.
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F1G. 4.17. Scintigraphy of pars defect. (A) Planar bone scan images from an adolescent female gymnast with back pain show no abnormality.
(B) The SPECT images show uptake in the region of the left pars interarticularis due to a stress fracture.

Scheuermann’s Disease and Schmorl Node

Scheuermann’s disease, also referred to as juvenile kyphosis
or Scheuermann’s spondylodystrophy, is a common disorder
of the spine affecting adolescents and young adults. Mild
changes of Scheuermann’s disease may be evident radio-
graphically in 20% to 30% of adults, the majority of whom
are asymptomatic and do not remember any traumatic event.”
Symptomatic Scheuermann’s disease is typically seen in ado-
lescents, particularly in active adolescent boys, who present
with mild to moderate pain that is relieved with rest. Scheuer-
mann’s disease typically affects the thoracic region, though
lumbar involvement may be seen in association with thoracic
disease, or less commonly, in an isolated fashion.

Although numerous theories have been advanced to explain
Scheuermann’s disease, the complete form of this disorder is
most likely caused by repetitive traumatic stress to the grow-
ing spine.”! Proponents of the posttraumatic theory believe
that repetitive stress under high velocity on the immature
spine, especially in the forward-bent posture utilized in sports
such as elite skiing and ski jumpers, results in an osteochon-
drosis at the vertebral endplate.”>”® Others believe that trauma
plays a minor role in the development of this disorder, and that
Scheuermann’s disease simply represents one of the variant
responses to standard degenerative disease of the disk that can
occur in the immature spine.” Congenital factors may also
play a role in the development of this disorder as familial clus-
tering has been described.” Whatever the exact etiology, the
abnormalities at the endplate ultimately reflect a unique form
of premature degenerative disk disease.

FiG. 4.18. Posterior limbus. The lateral radiograph shows a well-
corticated bone fragment (arrow) within the spinal canal posterior to
the inferior margin of the L4 vertebral body. There is loss of height
of the L4-L5 disk and a defect at the posteroinferior corner of the
L4 vertebral body. Note the loss of height of the posterior vertebral
margin of L4.
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The radiographic findings include disk space narrowing, end-
plate irregularity, multiple Schmorl nodes, and exaggerated ante-
rior wedging of the vertebral bodies (Fig. 4.19). An increased
incidence of limbus vertebrae is also found in this disorder.™
Disk space narrowing tends to be of moderate degree and often
involves multiple levels. In one study, it was noted that vertebral
wedging in adolescents increased in frequency with their dura-
tion of competitive water-ski jumping, resulting in repetitive axial
loading of the spine.” The degree of anterior height loss appears
to correlate with the presence of back pain. In one study, elite
adolescents skiers with greater than 18% anterior height loss
were significantly more likely to be symptomatic than skiers with
more minor anterior lesions.” In its complete form, the disorder
results in a kyphotic deformity that extends over at least three
vertebral bodies. On MRI, Scheuermann’s disease demonstrates
disk desiccation and dehydration, producing loss of disk signal
on T2-weighted images, a generalized loss of disk height, and
variable herniation of nuclear material into the annulus fibrosus
or vertebral endplates.”* The intraosseous herniations of diskal
material are typically small and numerous, and affect multiple
spinal segments.”™

A Schmorl node develops when portions of the nucleus
pulposus of the intervertebral disk become displaced into the
vertebral body via a defect in the cartilaginous vertebral end-
plate. While Schmorl nodes are a constant feature of Scheuer-

F1G. 4.19. Scheuermann disease. A lateral radiograph of the thoracolum-
bar junction in a young man reveals mild endplate irregularity, multiple
Schmorl nodes and anterior wedging of the vertebral bodies.
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mann’s disease, such intraosseous diskal herniations are more
frequently identified as an isolated finding on spinal radio-
graphs.” These intraosseous extensions of the disk are very
common, found in 36% to 79% of cadaveric studies, and are
typically asymptomatic. Over 80% of isolated Schmorl nodes
are located between T7 and L2.7 The etiology of the endplate
defect is variable and often multifactorial. Congenital end-
plate deficiency, acute trauma, repetitive trauma, degenerative
disease of the diskovertebral junction, metabolic disease with
bone weakening, and neoplastic destruction of the endplate
can all lead to mechanical failure of the endplate.

On radiographs, a Schmorl node is seen as a well-defined
rounded lucent lesion with thin sclerotic borders located imme-
diately adjacent to the vertebral endplate. The sclerotic margins
are better visualized on CT, whereas MRI often shows contiguity
with the disk and typically shows that the intraosseous material is
isointense to normal disk. Magnetic resonance imaging may reveal
evidence of vascularization and adjacent bone marrow edema in up
to 10% of Schmorl’s nodes, findings suggestive of biologic activ-
ity and possibly reflecting acute symptomatology.” The degree of
inflammatory response can be dramatic and occasionally produce
diagnostic difficulty distinguishing an inflamed Schmorl node
from focal osteomyelitis (Fig. 4.20). Another potential source of
diagnostic difficulty are large lesions referred to as “giant cystic
Schmorl nodes.””® Unlike classic Schmorl nodes, this giant form is
not associated with Scheuermann’s disease, preferentially involves
the lower lumbar spine, and shows contrast enhancement.’
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FiG. 4.20. Schmorl node. (A) An AP radiograph of a 15-year-old boy
with back pain shows subtle irregularity of the inferior left endplate
of L1. (B) The sagittal T2-weighted MRI examination shows a focal
destructive lesion centered at the L1-L2 disk space, with edema in the
adjacent vertebral body. Two biopsies of the area showed only disk
material, with no findings of infection. The symptoms and MRI findings
resolved spontaneously, consistent with an inflamed Schmorl node.
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Nontraumatic Disorders

While the majority of spinal pathology in sports medicine relates
to degenerative disease and posttraumatic disorders, it must be
kept in mind that athletes, like the rest of the population, can pres-
ent with tumors, infection, rheumatologic disorders, and other
nontraumatic etiologies of back pain.””®® Features that indicate
that there may be a serious underlying disorder include systemic
signs such as fever, neurologic deficit such as cauda equine syn-
drome, and significant features in the history such as intravenous
drug use, HIV infection, unexplained weight loss, nonmechanical
pain, night pain, or a history of prior malignancy.'°3! In particular,
back pain in young children should not be assumed to be related
to athletic endeavors as children are more likely than adults to
have a nontraumatic etiology for back pain and symptoms are
relatively mild.” In the young child, warning features include the
persistence of symptoms for greater than 4 weeks, interference
with function, and systemic features such as fever, neurologic
deficits, and new onset of scoliosis.”

Neoplastic Disease

The patient with a spinal neoplasm typically presents with non-
mechanical local pain that is often worse at night, a pathologic
fracture, or neurologic deficit. A history of previous malignancy
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is often present in patients with metastatic disease. Occasionally
a spinal tumor is detected as an incidental finding in an asymp-
tomatic patient; in this situation, the lesions are typically benign.
Radiography, CT, MRI, and scintigraphy play complementary
roles in the imaging evaluation of patients with spinal neoplasms.
While it has been estimated that neoplasms account for less than
1% of all causes for low back pain, tumors still represent the most
common serious systemic disorder affecting the spine.’!

Metastatic disease represents more than 90% of all osseous
neoplasms, and is largely a disease of adults and the elderly. In
adults, the spine represents the largest reservoir of hematopoi-
etic marrow in the body, and therefore is the most common site
of skeletal metastasis. The most common primary neoplasms to
metastasize to the spine include lung, breast, prostate, and kidney.
Most patients with metastatic disease have disseminated disease,
with multiple noncontiguous sites of involvement.

Conventional radiographs show poor sensitivity for lytic
metastatic disease. It has been estimated that more than half
the trabecular bone in a vertebra must be destroyed prior to the
development of radiographic abnormalities. While the vertebral
body is involved with equal or greater frequency than the poste-
rior elements, bone destruction of the cortical posterior elements
is easier to recognize on radiographs and CT.®*# Destruction of
a pedicle or spinous process, which are composed largely of cor-
tical bone, is the most apparent radiographic finding in patients
with lytic metastases (Fig. 4.21). Sclerotic lesions, which are
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FiG. 4.21. Metastatic disease. (A) An AP radiograph of the thoracic spine shows destruction of the right pedicle (arrow) at the T8 vertebral
level. (B) Axial CT at the T8 level shows a lytic lesion destroying the right pedicle, transverse process, and lamina. Smaller lytic lesions are

also evident in the vertebral body.
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particularly common in patients with prostate or breast cancer,
are well seen on radiographs and CT. Computed tomography
of metastatic disease typically shows eccentric destruction
within the vertebra and a much higher frequency of posterior
arch involvement than is typically seen with infection.®* On T1-
weighted MRI, metastases appear as focal areas of diminished
signal loss within the marrow. The signal of metastases on the
T2-weighted images is more variable, depending on the nature
of the adjacent bony response. Lytic neoplasms show increased
signal on T2-weighted sequences, whereas sclerotic lesions
appear hypointense or isointense. Magnetic resonance is the
optimal method for detecting soft tissue extension of the neo-
plasm producing compression on the neural structures.
Scintigraphy is traditionally used as the initial imaging
test for the detection of metastatic disease in a patient with a
known primary malignancy® (Fig. 4.22). Scintigraphy allows
rapid whole-body screening, and is highly sensitive for bone
metastasis, though it is clear that scintigraphy is less sensitive
than MR, particularly for infiltrative or small lesions.%
Primary tumors of the spine are considerably less common than
metastases, representing only 5% of all spinal neoplasms.® Accu-

ANTERIOR

Fi1G. 4.22. Metastatic disease. Anterior and posterior projections from
a bone scan in a patient with lung carcinoma demonstrate multiple
foci of abnormal activity throughout the skull, spine, and axial skel-
eton consistent with widespread metastatic disease.
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rate diagnosis requires consideration of the patient’s age, present-
ing symptoms, precise location, as well as the specific imaging
and pathologic features of the lesion.®” Multiple myeloma is the
most common primary malignant neoplasm affecting the spine,
typically presenting in the elderly patient as nonspecific bone pain
or by development of a pathologic fracture. Multiple myeloma
can present as a solitary lesion known as a plasmacytoma. Such
solitary lesions frequently are large, with involvement of multiple
contiguous vertebrae, similar to the appearance of spinal lym-
phoma and chordoma. Multiple myeloma is more commonly a
diffuse disorder with multiple small lesions widely disseminated
throughout the skeleton at the time of diagnosis. The diffuse form
is notoriously difficult to identify with scintigraphy and conven-
tional radiography due to the infiltrative nature of the disease and
the paucity of reaction by the adjacent bone. Nonspecific diffuse
osteopenia is often the only radiographic finding. As the lesions
enlarge and coalesce, multiple well-defined foci of osteolysis
become apparent. The MR appearance of myeloma is variable
and depends on the pattern and degree of infiltration.® Mild dis-
ease produces only subtle marrow inhomogeneity and is diffi-
cult to detect (Fig. 4.23). It has been estimated that 20% to 25%

FiG. 4.23. Multiple myeloma. A sagittal T1-weighted MRI examina-
tion of the thoracic spine in an elderly patient with recently diag-
nosed multiple myeloma reveals multiple compression fractures in
the upper thoracic spine with a kyphotic deformity. The underlying
marrow shows subtle signal heterogeneity consistent with diffuse
infiltration by multiple myeloma.
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of cases of early myeloma may not be detected by MRL3® With
more advanced disease, marrow replacement resulting in loss of
marrow signal on T1-weighted images becomes apparent.
Common primary benign neoplasms of the skeleton
include hemangioma, osteoid osteoma, osteoblastoma,
aneurysmal bone cyst, and giant cell tumor.’%¥” Primary
neoplasms typically do not involve the disk space and
remain confined to the vertebral body and posterior arch.
Hemangiomas are the most common benign spinal neo-
plasm, present in up to 5% of elderly patients. They are
often an incidental imaging finding, as the majority of ver-
tebral hemangioma are asymptomatic. Hemangiomas may
involve the entire vertebral body or they may be round or
oval focal lesions, involving the vertebral body. The radio-
graphic findings of this lesion are distinctive. Conventional
radiographs and CT demonstrate characteristic organized
linear or stellate thickened trabeculae within the lesion,
producing a classic “corduroy” appearance (Fig. 4.24). On
MR, in contradistinction to other spinal neoplasms, mature
hemangiomas are bright on T1-weighted sequences due to

FiG. 4.24. Hemangioma. A lateral radiograph of the lumbar spine in
a 28-year-old woman demonstrates a pathologic fracture of the supe-
rior endplate L4 vertebral body. The underlying vertebra is mildly
sclerotic and shows prominent vertical trabeculae diagnostic of a
hemangioma.
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their high adipose content. In the younger patient with an
immature hemangioma or in patients with aggressive hem-
angioma, the characteristic high signal on T1-weighted
images may not be present.®

Osteoid osteoma of the spine is a painful lesion seen in
adolescents and young adults. Osteoblastoma is a histologi-
cally related neoplasm that tends to be larger, less painful, and
contain osseous matrix. In the spine, osteoid osteoma is most
commonly located in the posterior elements, producing severe
pain, classically worse at night, and a painful scoliosis. Scin-
tigraphy shows intense uptake within the lesion, with milder
uptake in the adjacent bone, which typically shows intense
reactive sclerotic changes. Conventional radiographs often
visualize the reactive sclerosis, but the actual nidus, which
is often very small, may be difficult to visualize. Magnetic
resonance can visualize the nidus and sclerosis, but the most
prominent feature on MR is often the peritumoral edema in
the bone and adjacent soft tissues.”” Computed tomography
remains the preferred method for identification and localiza-
tion of the nidus of osteoid osteoma.®’

Infection

Infection of the spine can be limited to the disk, limited to the
vertebral body or posterior osseous elements, or, in its most
common form, involve the osseous elements as well as the
intervening disk and articulations. Isolated disk infection is
rare, occurring as a limited infection in children presumably
due to persistent disk vascularity in this age group. Isolated
disk infection in adults is rare and is typically due to iatro-
genic penetration of the disk at surgery. The childhood form
of idiopathic diskitis originates within the disk itself, typically
before the age of 10, with a peak incidence in the first 6 years
of life.”! The etiology of childhood diskitis is infectious in a
minority of cases; only 25% of cases grow organisms on cul-
ture.” The etiology of the remainder of cases of childhood
diskitis is postulated to be viral infection, autoimmune, or a
nonspecific inflammatory reaction. Radiographic changes are
mild and delayed, and scintigraphy and MR are more sensitive
for diagnosis.

Infection of the spine is typically of hematogenous origin,
developing initially in the anterior vertebral body, with sub-
sequent destruction of the adjacent vertebral endplate and
extension into the nearby disk. Once the disk is infected, the
infection can erode the remaining endplate and extend into
the adjacent vertebral body. The combination of disk infection
and involvement of both adjacent vertebra is referred to as
infectious spondylitis. The conventional radiographic findings
of infectious spondylitis consist of soft tissue edema, narrow-
ing of the involved disk space, indistinctness and erosion of
the vertebral margins, and ultimately bone destruction (Fig.
4.25). These findings are delayed, and definite radiographic
evidence of infection may not be present for weeks after the
onset of symptoms. Scintigraphy offers much higher sensi-
tivity but the presence of increased activity is nonspecific
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FiG. 4.25. Spinal infection. A lateral radiograph of the spine in an
adult with spinal infection shows disk space narrowing and endplate
erosions (arrow) at the L3-L4 level.

and scintigraphy is unable to assess development of abscess
requiring draining or compression of the spinal cord. Com-
puted tomography is an excellent method for assessing end-
plate erosion and bone destruction, but these finding are a late
feature of spinal infection.” Computed tomography is also
useful for detecting small foci of intraosseous gas and seques-
tered bone, but these features are less commonly present in
infections involving the spine as compared to the appendicular
skeleton. Computed tomography is also limited in its ability to
determine the degree of extension beyond the vertebra into the
adjacent soft tissues and encroachment of the spinal canal.
Magnetic resonance imaging has replaced scintigraphy and
CT as the definitive modality for the detection and evaluation
of suspected spinal infection. It is more sensitive than conven-
tional radiography and CT for early infection, and has been
shown to have sensitivity, specificity, and accuracy of greater
than 90% for diagnosis of infection.”*> At the same time, it pro-
vides detailed anatomic information about the paraspinal and
spinal tissues and the adjacent thecal sac. The MRI findings of
infection consist of diminished marrow signal in the affected
vertebral bodies of the T1-weighted images, with increased
signal on the T2-weighted images. The marrow alterations are
more prominent on fat-suppressed T2-weighted images.”
The disk typically enhances, and demonstrates disorganization
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of its internal architecture, which is replaced by high signal inten-
sity material within its substance on T2-weighted sequences.
Disk height is variable, with a significant number of patients
demonstrating preservation of disk height on MRI.*? Paraspinal
soft tissue inflammatory change is present early in the course of
the disease and is a very sensitive indicator of spinal infection,
seen in over 95% of patients with active infection.”? Irregular-
ity due to erosive changes at the endplates and frank vertebral
destruction are seen with more advanced disease.”
Enhancement following intravenous gadolinium adminis-
tration is avid. The contrast enhanced images are particularly
useful for distinguishing inflammatory phlegmon from a frank
abscess requiring drainage by noting a lack of enhancement
within the central portions, indicating the liquefied compo-
nents of an abscess. The presence of an epidural abscess is
best assessed on enhanced MRI (Fig. 4.26). Such abscesses
typically require drainage, particularly if they are large or
compressing adjacent neural structures.** Large paraspinal
abscesses, particularly in patients with a history of disease
chronicity and slow progression, are suggestive of nonpyo-
genic infection due to tuberculosis or fungal infection.”

Noninfectious Inflammatory Disorders

Degeneration of the disk leads to alterations in the adjacent
vertebral body, most commonly resulting in increased intraos-
seous fat adjacent to abnormal disk.”® In approximately 4%
of patients with noninfectious disk degeneration, the degen-
erative process itself results in a pattern of inflammatory-like
edema in the adjacent endplates on MRI. Modic et al.”’ clas-
sified this pattern of endplate abnormality as type 1 endplate
changes and suggested that the marrow alteration is a reactive
inflammatory response to a relatively acute disk degeneration.
The resultant alterations can be difficult to distinguish from
infection. Type 1 endplate changes are not associated with
the systemic features of infection and tend to resolve spon-
taneously over a period of a few months. In addition, MRI in
patients with type 1 endplate changes demonstrates that the
paraspinal soft tissues are normal, the marrow abnormalities
are limited to the bone near the endplate, and the intranuclear
cleft of the disk and the vertebral endplates are preserved (Fig.
4.27). In cases where infection cannot be excluded, aspiration
of the involved disk and follow-up MRI may be necessary.
Rheumatoid arthritis is a common polyarticular inflamma-
tory arthropathy that affects the spine in up to 50% of patients
afflicted with the disease.”® Hypertrophic synovial tissue
results in the formation of aggressive pannus that can cause
erosions of the odontoid, vertebral bodies, posterior elements,
and ligaments, and damage the joints, resulting in instabil-
ity and ultimately fusion.”® Spinal rheumatoid arthritis is most
commonly clinically symptomatic in the upper cervical spine,
specifically at the atlantoaxial and craniocervical articulations.
The most common manifestation of spinal rtheumatoid arthritis
is anterior instability at the atlantoaxial joint. Flexion-extension
radiographs are essential for accurate assessment of the
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Fi1G. 4.26. Paraspinal abscess. An axial CT (A) and contrast-enhanced MRI (B) show a large left-sided paraspinal abscess in a patient with spinal
infection with methicillin-resistant Staphylococcus aureus. The CT shows low signal fluid collections (arrows) accumulating within the left psoas
muscle and left posterior paraspinal musculature. Note the absence of contrast enhancement in the center of the abscess on the MR study.
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FiG. 4.27. Degenerative disease. Sagittal T1-weighted (A) and T2-
weighted (B) MRIs of the spine demonstrate multilevel degenerative
disease with disk dehydration, disk protrusions, and multiple levels
of degenerative listhesis. On the T2 images, there is increased signal
at the endplates adjacent to the disk degeneration due to inflamma-
tory changes reactive to disk degeneration.

atlantoaxial joint, as abnormal widening of the joint is often
seen only when the spine is flexed. Instability of the occipi-
toatlantal joints, cranial settling, and subaxial instability may
also be present. Conventional radiographs and CT are useful
for identifying erosive disease, which tends to predominate in

the region of the dens. Magnetic resonance imaging can better
visualize the extent of soft tissue pannus, characterize if it is
vascular or fibrotic, and accurately assess the degree of canal
compression by tissue proliferation® (Fig. 4.28).

The seronegative spondyloarthropathies are a group of
polyarthritides associated with the human leukocyte antigen
(HLA) B27 that have a predilection for sacroiliac and spi-
nal involvement. This group of inflammatory arthropathies
includes ankylosing spondylitis, psoriatic arthritis, reactive
arthritis (such as Reiter’s syndrome), arthritis related to bowel
disease, and undifferentiated forms.'” The most common
form is ankylosing spondylitis, which most commonly pres-
ents in young men. Symptoms include the gradual onset of
stiffness and progressive low back and sacroiliac pain. A sug-
gestive feature of these conditions is that the pain is frequently
alleviated with exercise.®' Radiographic changes of inflamma-
tory sacroiliitis include widening of the joint due to marginal
and central erosions, irregularity of the osseous margins, and
paraarticular bone sclerosis (Fig. 4.29). With further disease
progression, the sacroiliac joints narrow, and in some of these
diseases, particularly ankylosing spondylitis, undergo osseous
fusion. Both CT and MRI are more sensitive for early detec-
tion and characterization of erosive changes at the sacroiliac
joints, vertebra, and paraspinal soft tissues.'® Spinal involve-
ment in the seronegative spondyloarthropathies takes the form
of bony proliferation, either in the form of syndesmophytes,
or in the development of frank ankylosis as is seen in patients
with advanced ankylosing spondylitis. A well-recognized
complication of ankylosing spondylitis is the development of
a horizontal fracture through the fused spine, with subsequent
formation of a pseudoarthrosis.



134

A. Radiologic Perspective: Imaging of the Spine in Sports Medicine

B

F1G. 4.28. Rheumatoid arthritis. (A) A lateral radiograph shows
widening of the atlantoaxial joint (arrow) with anterior displace-
ment of the C1 vertebra relative to C2. (B) The corresponding
T1-weighted fat-suppressed sagittal MRI obtained following
administration of intravenous contrast enhancement shows avid
enhancement of pannus (arrow) at the C1-C2 joint.

Small amounts of asymptomatic crystal deposition in spi-
nal ligaments and disk is a frequent finding, especially in the
elderly. Symptomatic crystal-induced arthritis of the spine,
however, is uncommon and frequently misdiagnosed as infec-
tion or neoplasm. Significant crystal deposition resulting in
symptoms is generally seen in adults and the elderly. Deposi-
tion of urate crystal within the disk and paraspinal soft tissues
in patients with advanced gout can cause erosions of the odon-
toid process and endplates of the vertebral bodies, as well as a
destructive arthropathy of the facet joints.

FI1G. 4.29. Sacroiliitis. An AP radiograph of the sacroiliac joints in a
male patient with ankylosing spondylitis shows bilateral symmetric
erosion of the sacroiliac joints with adjacent sclerosis.

Calcium pyrophosphate deposition disease (CPPD) pro-
duces crystal deposition in articular cartilage, hyaline carti-
lage, and, less commonly, in ligaments and tendons. In the
spine, CPPD is seen most commonly in the annulus, the disk,
and the transverse ligament at the atlantoaxial joint. Mass-like
deposits of CPPD crystals in the atlantoaxial region can pro-
duce significant neural compression resulting in myelopathy
and paraplegia.'® Cystic and erosive changes in the adjacent
bone, particularly at the base of the dens, increase the risk of
fracture of the dens following even minor trauma.'®?

Calcium hydroxyapatite deposition disease (HADD) char-
acteristically results in paraarticular intratendinous calcific
deposits, particularly around the shoulder. In the spine, symp-
tomatic HADD is seen most frequently in the tendon of the
longus colli muscle. The calcification produces a painful,
inflammatory tendinitis anterior to the C2 vertebral body,
resulting in soft tissue swelling and local tissue inflamma-
tion.!%* The calcific deposit is best visualized on CT.

Spinal neuroarthropathy (Charcot spine) is an uncommon
process leading to dissolution and disorganization of the spine.
The most common etiologies are diabetes mellitus, prior spi-
nal cord or central nervous system injury, syringomyelia, and
tabes dorsalis.!® The radiographic and CT appearance simu-
lates that of bone destruction produced by infection. Magnetic
resonance imaging shows variability in the signal character-
istics of the involved region, and distinction from infection is
frequently impossible.!® Dialysis-induced spondyloarthropa-
thy is also an uncommon disorder related due to amyloid depo-
sition within the disk space.!® Slowly progressive endplate
erosion, disk space narrowing, and vertebral destruction that
simulate infection are identified, often involving multiple
disks. On MRI, the vertebral bodies also show normal mar-
row signal, except for minimal alterations adjacent to the ero-
sions, and the adjacent soft tissues are normal.!”” T2-weighted
images are particularly helpful as they show a paucity of high
signal in the affected region.!%
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Neck and low back pain is common in the general popula-
tion, as well as among athletes. Although a precise anatomic
diagnosis is difficult to make in many patients, basic princi-
ples of management help the majority. Most patients recover
in about 6 weeks.'%-1° Therefore, it is usually not necessary
to perform imaging studies acutely, unless there is a history
of injury. If patients do not improve within 4 weeks, imag-
ing studies should be ordered, depending on the diagnostic
suspicion.!'!!

In several situations imaging studies should be ordered
immediately. In less than 10% of patients with low back pain,
a specific condition is suspected, such as a fracture related
to trauma, nerve root compression, and acute spondylolysis.
Also, there are several “red flags” in the medical history that
warrant acute diagnostic evaluation and treatment.!'> These
conditions are fracture, tumor, infection, cauda equina syn-
drome, and myelopathy.

However, other explanations for back pain should be kept in
mind. These include inflammatory causes (rheumatoid arthri-
tis, ankylosing spondylitis, etc.), medical causes (parathyroid
disease, hemoglobinopathies), visceral causes (nephrolithiasis,
prostatitis, pelvic inflammatory disease, pancreatitis), vascular
causes (aortic aneurysm), psychological causes (depression,
substance abuse behavior, psychosomatic disorders, individual
personality response to pain and disability) and social causes or
medicolegal issues (worker’s compensation, legal case).

The majority of patients with low back pain do not pres-
ent as a result of fracture, tumor, infection, or myelopa-
thy. There is a less than 1% incidence of malignancy in
patients presenting to busy multidisciplinary spine cen-
ters.!'® Patients without “red flags” or specific suspected
conditions should be managed with 6 weeks of nonopera-
tive care, including activity modification, medication, and
exercise, and they should be provided with information
regarding their condition. After these 6 weeks, patients
without clinical improvement should be referred for diag-
nostic imaging.

Spinal problems, while individual, usually have a common
approach in terms of natural history, evaluation, and manage-
ment. This section describes the typical pain management
approach in the cervical, thoracic, and lumbar regions, and
discusses specific spinal disorders that require additional
understanding. The goal of this section is to place MRI of the
spine in sports within an overall context of clinical presenta-
tion, physical examination, and treatment.

Patient History

The history is taken to provide a clear determination of pain
location, onset, character, radiation to the upper or lower
extremities, aggravating and alleviating factors, associated
sensorimotor symptoms, and previous treatments.!'* It is
important to get a sense of how easily the pain is aggravated
to determine the type and intensity of the treatment plan. A
psychosocial history, including substance abuse, disability
compensation, and mental health, also helps in planning treatment
and estimating the prognosis.

Specific elements of the history may raise the suspicion for
fracture, tumor, infection, cauda equina syndrome, or myelop-
athy. For a fracture, the associated elements are major trauma
(motor vehicle accident, fall from a height), minor trauma, or
strenuous lifting in an older or osteoporotic patient.

For a tumor or infectious condition, commonly associated
findings are age greater than 50 or less than 20, cancer history,
recent bacterial infection, intravenous drug use, tobacco use,
constitutional symptoms (fever, chills, unexplained weight
loss), immunosuppression (corticosteroid use, organ trans-
plant recipient, human immunodeficiency infection), failure
of bed rest to relieve pain at night, and pain that is worse in
the supine position. Infectious etiologies that could present
with back pain include osteomyelitis, diskitis, tuberculosis,
abscess, and urinary tract infection. Tumor etiologies of back
pain include metastasis, multiple myeloma, and lymphoma.

Cauda equina syndrome or myelopathy might be suspected
with complaints of saddle anesthesia, recent onset of bowel or
bladder dysfunction (particularly retention), gait disturbance,
or progressively severe neurologic deficit in an extremity.'"

Numbness in the arms or legs, particularly into the hand or
below the knee, and weakness increase the likelihood of neu-
rologic involvement. Involvement of the toes, calf, thigh, or
buttocks is suggestive of a lumbosacral radiculopathy. Lower
extremity pain with ambulation, which is eased by leaning
forward onto a shopping cart, is suggestive of lumbar spinal
stenosis. Pain with lumbar flexion may indicate a diskogenic
etiology, while pain with extension may implicate the poste-
rior spinal elements.

Pain characterized as lancinating in a dermatomal distri-
bution to the fingers, forearm, upper arm, interscapular area,
or shoulder is also suggestive of neurologic involvement, for
example, a cervical radiculopathy. However, the history and
physical exam of an acute cervical radiculopathy may be
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indistinguishable from an even more rare syndrome, a brachial
plexus neuritis. Functional problems with fine manipulative
tasks, handwriting, and lack of coordination may be suggestive
of a cervical radiculopathy, but more commonly result from
a peripheral problem such as carpal tunnel syndrome. Head-
aches often arise from a cervicogenic cause. Inflammatory
pain may present with worsening in the morning with stiff-
ness. A mechanical problem may present with worsening with
use. Talking on the phone (lateral flexion) may compress the
facet joints or the neural elements exiting through compressed
neuroforamina. Symptoms of vertigo or light-headedness with
cervical motion may suggest vertebral artery insufficiency. A
smoking history with constitutional complaints may raise the
specter of a Pancoast tumor.

In the thoracic spine, the patient may complain of pain around
the shoulder blades, aggravated by rotation or lateral flexion. In
cases of scoliosis, a cosmetic concern is often the presenting
complaint. Particular attention should be paid to sensory symp-
toms, which might be consistent with a radiculopathy.

Physical Examination

Cervical Spine

Examination of the cervical spine begins with observation of
posture and range of motion. Passive motion in flexion, exten-
sion, lateral bending, and side glance should be checked. Nor-
mal flexion range allows the chin to touch the chest, extension
range allows the patient to view the ceiling directly above,
side glance range allows the patient’s chin to come almost in
line with the shoulder, and normal lateral bending is about
45 degrees.' It is convenient to express range of motion in
percent terms of normal, for example, “Cervical flexion was
approximately 85% of normal.” Mobility in the upper versus
lower cervical segments can be evaluated more discretely with
active maneuvers. The palpatory exam is important to distin-
guish irritation in the occiput, spinous processes, apophyseal
joints, paraspinal muscles, levator scapulae, and the anterior/
posterior triangles of the neck. Spurling’s maneuver is a spe-
cial neural provocative test. The cervical spine is extended
with the head rotated toward the affected side and then the
spine is axially loaded. A positive test is considered when
there is reproduction of radicular symptoms.

The neurologic examination of the extremities is an impor-
tant component in the evaluation of neck pain, as it is with
back pain. The focus is on deep tendon reflexes and motor
strength. The C5, C6, and C7 nerve roots mediate the deep ten-
don reflexes of the biceps, brachioradialis, and triceps tendons,
respectively. Unfortunately, there is no good reflex to evaluate
C8 or T1 function. Diminished reflexes may be seen in lower
motor syndromes, and brisk reflexes may be seen in upper
motor syndromes. Upper motor release signs can be elicited by
the Hoffman’s test (middle finger flick causes transient finger
flexion). Motor testing involves deltoid (C5), elbow flexion
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(C6), wrist extensors (C6), elbow extensors (C7), wrist flex-
ors (C7), finger flexors (C8), and small finger abduction (T1).
Coordination problems with finger-to-finger movements are a
sensitive measure of central nervous system pathology.

Subjective sensory complaints are important,''® but a for-
mal sensory examination is often unreliable for a variety of
reasons. These include patient comprehension, language
skill, dermatomal variations in innervation, body habitus,
age, or postsurgical nerve tract changes, and the lack of time
and equipment to test the variety of peripheral nervous sys-
tem tracts in a controlled fashion. One of the most impor-
tant confounders to the sensory exam is the effect of pain on
the patient’s sensory perceptions. Furthermore, in the upper
extremities, often there can be carpal or cubital tunnel syn-
dromes that cause additional diagnostic confusion.

Usually, the most important information about the sensory
system is not quantitative, but rather simply the patient’s own
qualitative history about where altered sensation is subjectively
experienced.!'® Dermatomes according to the American Spinal
Cord Injury Association (ASIA) conventions map the lateral
antecubital fossa (C5), dorsal thumb (C6), dorsal middle fin-
ger (C7), dorsal small finger (C8), and medial antecubital fossa
(T1) areas. If genuine concern exists for a peripheral neuropa-
thy, formal electrodiagnostic testing is preferred!!” (Table 4.1).

A basic shoulder examination should be considered as
well, because many shoulder pathologies involve radiation of
pain to the neck and arm. Conversely, many neck pathologies
involve pain around the shoulder that is not particularly pro-
voked by the specific shoulder exam.

Thoracic Spine

Observation for scoliosis and kyphosis should be done ini-
tially. Then active movements in flexion, extension, rotation,
as well as cervical motion should be noted. In cases of severe
end-stage ankylosing spondylitis, there is loss of normal chest
wall expansion (reduced to <2 cm). Palpation of the paraspinal
muscles and shoulder; percussion of the spinous processes;
special tests of the cervical, lumbar spine, and shoulders; and
a neurologic exam should be performed also.

Lumbar Spine

The physical examination of the patient with low back pain
starts with a functional assessment. Global observation of the
patient standing can reveal scoliosis, spinal tilt, asymmetri-

TaBLE 4.1. Upper extremity physical examination of the spinal nerve
roots.

Nerve root Deep tendon reflex Pin-prick sensation territory
C5-C6 Biceps tendon Lateral aspect of antecubital fossa
Co6 Brachioradialis tendon Thumb

C7 Triceps tendon Middle finger

C8 - Little finger

Tl - Medial side of antecubital fossa
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cal muscle development, and the degree of lumbar lordosis.
Increased lordosis may reflect spondylolisthesis or obesity.
Decreased lordosis may reflect disk or vertebral body col-
lapse. Lastly, functional biomechanical evaluation of the
athlete includes an examination of sports specific skills, tech-
nique, and equipment.

Gait analysis can reveal muscle weakness and leg length
discrepancies. For example, weakness of the gluteus medius-
minimus (L4-S1 innervated muscles) can result in a pelvic drop
or Trendelenburg gait. As another example, weakness in the L4-
L5 innervated anterior tibialis muscle may result in a foot slap or
drop after heel contact, or steppage gait, where the hip and knee
are flexed to clear the foot during the swing phase of gait. A very
weak gastrocnemius muscle limits the toe-off movement during
gait, and may result in a shortened step length of the contralateral
leg. The patient should be asked to perform ten one-legged toe
raises to evaluate gastrocnemius strength. This S1-S2 innervated
muscle normally supports the patient’s total body weight and
more (with jumping or running activities). As such, it defies iso-
lated manual muscle testing by examiners providing resistance
with their own hands. Lastly, patients with quadriceps weakness
may walk with a back knee gait to lock their knees in extension.
Additionally, they may not be able to accelerate through the
swing phase without abnormal hip rotation.!!®

At times, functional testing provides a quick and global
examination of the lower extremities that might complement, or
supplant, individual manual muscle testing. Functional testing
evaluates patients’ leg strength against their body weight, but
may be confounded by isolated knee, ankle, or foot pain. Also,
the functional examination may detect a relative restriction or
weakness in the kinetic chain, which may predispose injury in
another segment.

Active spinal movement in flexion and extension reveals
motion asymmetries, qualitative information about stiffness,
pain and pain behaviors, and semiquantitative information
about the range of motion that can be followed with serial
examinations over time to evaluate interventions. If there is a
concern about ankylosing spondylitis, the Schober’s test may
be performed.''> Pain provoked by flexion and relieved by
extension may point to disk pathology. Conversely, the pain
provoked by extension and relieved by flexion may point to a
diagnosis of lumbar spinal stenosis or apophyseal pathology.
Active movement in combined extension, lateral flexion, and
rotation to each side tends to provoke the apophyseal joint.
However, there are large variations seen in the segmental
motion parameters of the lumbosacral spine, with uncertain-
ties introduced by measurement technique, radiographic image
quality, anatomic degenerative changes, and patient effort.!!®
These factors prevent an exact analysis. Therefore, there is
limited useful information to be derived from so-called quan-
titative methods of measuring the lumbosacral spine’s range
of motion, and no valuable information is gained to help a
clinician in the diagnosis of disease.!!!:11120

A palpatory examination should be performed. This is
performed most easily with the patient in the prone posi-
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tion. The degree of tenderness, accessory movement, and
muscle tone can be evaluated in the various structures of
the spinous processes, apophyseal joints and transverse
processes, paraspinal muscles, gluteus medius, pirifor-
mis, sacroiliac joints, greater femoral trochanters, and
iliotibial bands. Muscle pain may indicate spasm or trig-
ger points. Spinous process pain may indicate degenera-
tion, fracture, or infection.

Special maneuvers include the straight leg raise and other
so-called neural tension tests such as the slump test or prone
knee bend. A tension test is considered positive under four
conditions: (1) it reproduces the patient’s symptoms, (2) the
test response is changeable with patient repositioning, (3)
there are large side-to-side differences, or (4) there are dif-
ferences from what is considered normal." In terms of the
straight leg raise, sciatic nerve stretch is said to be maximal
between 30 and 70 degrees of hip flexion. Pain with straight
leg raise above 70 degrees is most likely due to nonneurogenic
causes, such as hamstring tightness.

Pathologies due to hip, knee, or sacroiliac joints can be eval-
uated with testing the hip’s range of motion and the flexion,
abduction, and external rotation (FABER) maneuver.'"> The
FABER exam can also demonstrate iliotibial band/greater tro-
chanteric bursitis problems. Trochanteric bursitis and iliotibial
band problems frequently mimic a lumbosacral radiculopathy,
particularly in women with a large Q angle at the knee. How-
ever, these entities may coexist because of L4-S1 hip muscle
weakness. Suspicion for an iliotibial band syndrome and tro-
chanteric bursitis can be further evaluated with the Ober test
of range of motion, and also hip abduction strength testing. To
this end, asking the patient to perform a one-legged squat is a
good functional test. Pathology of the sacroiliac joint is rela-
tively uncommon, but the joint can be further evaluated with
pelvic compression testing.!’> To check for muscle atrophy,
calf circumferences can be measured, with the expectation
that normal side-to-side variation should be within 2 cm.

A neurologic examination of the lower extremities is impor-
tant, with emphasis on reflexes and motor strength. The deep
tendon reflex at the patellar tendon is mediated mainly through
the L3 and L4 nerve roots, at the medial hamstring by the
L5 nerve root, and at the Achilles tendon by S1. Diminished
reflexes may be noted with lower motor neuron syndromes
such as spinal stenosis or a herniated disk. Brisk reflexes
may indicate an upper motor neuron pathology. Upper motor
neuron release signs can be elicited by the Babinski, a test of
long-tract spinal cord or brain involvement. Central nervous
system pathology can express itself first in difficulties with
toe-tap or foot-pat coordination. Muscle weakness is generally
considered a reliable indicator of nerve compression. Manual
muscle testing of the lower extremities involves hip flexion
(L1, L2), knee extension (L3, L4), ankle dorsiflexion (L4,
L5), extensor hallucis longus (L5), and big toe flexion (L5,
S1). As mentioned earlier, the gastrocnemius-soleus complex
defies manual motor testing and should be tested functionally
(Table 4.2).



138

TABLE 4.2. Lower extremity motor examination of the spinal
nerve roots.

Nerve root Motor exam Functional test

L3,1L4 Extend knee Squat down and rise

L4,1L5 Dorsiflex ankle Walk on heels

L5 Dorsiflex big toe  Walk on heels

N Plantarflex ankle ~ Walk on tip-toes (plantarflexed ankle)

TABLE 4.3. Lower extremity physical examination of the spinal
nerve roots.

Nerve root Deep tendon reflex Pin-prick sensation territory

L3 Patellar tendon Lateral thigh-medial femoral condyle
L4 Patellar tendon Medial leg and medial ankle

L5 Medial hamstring Lateral leg and dorsum of foot

Sl Achilles tendon Sole of foot and lateral heel

Many myotomal maps have been published to describe
the spinal nerve root innervation of peripheral muscles. The
innervation of these muscles remains debatable, and there is
considerable individual variation. Nevertheless, there is some
consensus.'"’

The sensory exam in the lower extremities is not that reli-
able for a variety of reasons that were already mentioned.
Again, the most important information about the sensory
system is not quantitative but rather the patient’s own qual-
itative history about where altered sensation is subjectively
experienced.''® Dermatomes according to the American Spi-
nal Cord Injury Association (ASIA) conventions map medial
(L4), dorsal (LS), and lateral (S1) aspects of the foot as well as
medial knee (L3), thigh (L2), and groin (L1) areas (Table 4.3).
If genuine concern exists for a peripheral neuropathy, formal
electrodiagnostic testing is preferred.'"”

Investigations

Laboratory tests in the investigation of spine pain are some-
what nonspecific. However, they may be useful in a few
circumstances: alkaline phosphatase (Paget’s disease, osteo-
malacia), amylase (pancreatitis), complete blood count (malig-
nancy), erythrocyte sedimentation rate (infection, malignancy,
polymyalgia rheumatica), pregnancy test (ectopic pregnancy),
rheumatoid factor/antinuclear antibodies (rheumatologic dis-
ease), and urinalysis (urinary tract infection, prostatitis, neph-
rolithiasis).

Diskography is performed by injecting dye or saline into
the nucleus pulposus of the intervertebral disk. Concordant
reproduction of the patient’s pain is said to verify the disk as
the source. However, false-positive results can be especially
problematic in patients with chronic pain processes, emotional
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distress, and litigation.!?! Furthermore, it is unclear to what
extent patients may subjectively localize deep somatic pain
generators from among the different individual spinal struc-
tures, especially when the patient is partially sedated for the
procedure.

Electromyography (EMG) and nerve conduction studies
may be useful to evaluate for signs of nerve irritation within
the setting of an otherwise mild appearing MRI, or in cases
of suspected peripheral nerve entrapment or polyneuropathy.
The studies are also helpful in patients who may not be able
to obtain an MRI (e.g., cardiac pacemaker). For a variety
of reasons, the study has high specificity and low sensitiv-
ity within the setting of a radiculopathy. Therefore, electro-
myography cannot be used to exclude a radiculopathy with
confidence.!” Electromyography needle studies are usually
performed at least 3 weeks after an injury. A good exam
includes testing of the paraspinal muscles. The hallmark
EMG findings in an acute radiculopathy are the presence
of fibrillation potentials and positive sharp waves. Chronic
radicular findings are noted after a few months of nerve
root involvement. These involve more subtle interpretations
of the muscle firing patterns, such as early recruitment and
decreased interference pattern, which may also be influ-
enced by patient pain, discomfort, and motivation levels dur-
ing the test. Nerve conduction studies evaluate the peripheral
nerves, which should not be affected in a radiculopathy. The
late response, or H reflex, is a quantitative evaluation of the
S1 deep tendon reflex arc. As such, an abnormal study might
suggest a S1 radiculopathy.

Electrodiagnostic studies are useful in cervical spine dis-
orders to evaluate the possibility of peripheral neuropathies
such as carpal tunnel syndrome. This is important because of
the “double crush” syndrome, which suggests that a proximal
nerve injury (e.g., cervical spinal nerve root) may make it sus-
ceptible to a distal injury, and frequently the entities coexist.
It is difficult to use an EMG study to evaluate high cervical
lesions because of the lack of peripherally innervated muscles
above the C5 spinal nerve root. Fortunately, most cervical
radiculopathies involve the lower cervical spine, with 70% of
cases involving the C7 nerve root and 20% to 25% of cases
involving the C6 nerve root.'!”

Epidural and facet joint injections with local anesthetic and
corticosteroid may provide both diagnostic and therapeutic
roles in identifying a pain generator. However, the diagnostic
information must be tempered by a possible placebo effect.!?!
In general, there is decent scientific evidence to support the
use of epidural steroid injections to treat low back pain with
radicular features.!?>"12 Interventional pain procedures to treat
axial low back pain are controversial, and the supporting evi-
dence remains little better than anecdotal.!'®* However, in the
cervical spine there is more substantial evidence to support
interventional therapies to the facet joints.!? The main prob-
lem is that most studies of radicular and axial low back pain
treatments were not well designed. Many of the studies (which
show no benefit of intervention) did not evaluate patients with
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MRI or CT scanning to document the type or location of
pathology, and a surprising number of studies did not utilize
radiographic confirmation of needle placement and injection
of medications properly into the epidural space.!?*126

Imaging Evaluation

Experienced clinicians recognize that diagnostic imaging
in low back pain has a high rate of asymptomatic incidental
abnormalities, and symptomatic “negative” tests.!'” Imaging
is one piece of the overall puzzle that must be viewed within
the context of the history and physical examination.

X-ray imaging should be performed in patients who raise
suspicion for sinister pathology, fracture (trauma, stress), or
instability, as well as in patients unresponsive to treatment.
It offers a global view of the spine, with information on the
number of vertebrae, presence of transitional anatomy, spon-
dylosis, spondylolisthesis, and facet joint anatomy. X-ray
examination of the neck involves AP, lateral, and, some-
times, oblique views. A coned-down AP view of the odon-
toid is essential in the trauma series. A swimmer’s view is a
mandatory part of the trauma series if the C7 vertebral body
is incompletely visualized on the lateral view. Lateral flex-
ion and extension films are useful to evaluate cervical spine
mobility.'”” In the thoracic spine, x-ray examination is help-
ful to evaluate for Scheuermann’s kyphosis, fracture, or cases
where a neoplastic disorder is suspected. Computed tomog-
raphy and MRI are helpful in cases of fracture, neoplasm,
or, rarely, in cases of thoracic intervertebral disk herniation.
With the lumbosacral spine AP view, the whole pelvis can
be included and this may give additional information about
the hips and sacroiliac joints. Lateral flexion and extension
views can be used to evaluate lumbar motion. Such studies
have gross inaccuracies, and the concept of lumbar stability is
a controversial topic. However, there is general consensus that
more than 3 mm of sagittal translation may be abnormal.!!! Tt
is usually the case that plain radiographs are unrewarding, and
MRI may be a better initial study, particularly if malignancy
or nerve irritation is suspected.'!

Computed tomography scanning is most useful to evaluate
traumatic fractures, facet joint arthropathy, a pars interarticu-
laris defect, and spinal canal stenosis. It is increasingly sup-
planting the use of the trauma x-ray series for the evaluation
of cervical spine injuries.!?® Depending on the software, it can
be useful in patients with instrumented spinal fusions to assess
the fusion continuity as well as metal placement. Computed
tomography scans may be helpful, along with myelography,
in the many patients who cannot be referred for an MRI due to
claustrophobia or the presence of cardiac pacemakers, spinal
stimulators, or pumps.

Magnetic resonance imaging is used to visualize the inter-
vertebral disks and vertebral bodies. It is useful to evaluate
sites of spinal canal and neuroforaminal stenosis. The use of
STIR imaging or gadolinium contrast is suggested in patients
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who raise a suspicion of an infection or malignancy, or who
have undergone previous operations on the spine. Magnetic
resonance imaging has a high false-positive rate, with 15%
to 30% of asymptomatic volunteers demonstrating cervical
spine abnormalities.'? In MRI of the lumbar spine, signifi-
cant abnormalities have been shown in asymptomatic volun-
teers. In those over the age of 60, there was a 57% rate of
abnormalities, including 37% who had a herniated nucleus
pulposus. For volunteers younger than age 60, the false-posi-
tive rate approached 20%.!*° Conversely, there are instances
where patients present with radicular pain but have a relatively
benign-appearing spinal MRI. In these instances, an electrodi-
agnostic study can be valuable.!'” In summary, MRI provides
important information, but it is one piece of the overall pic-
ture. Whether the observed pathology is responsible for the
patient’s pain, or the severity of the patient’s pain, is a clinical
decision.

Triple-phase bone scan may be helpful to evaluate infec-
tion, trauma, pathologic fracture, osteoarthritic degen-
eration, heterotopic ossification, or complex regional pain
syndromes. Gamma radiation is emitted from a radioisotope
tracer (e.g., technetium 99 m), which accumulates in areas
of high bone turnover. The findings are highly sensitive, but
poorly specific. Single photon emission computed tomogra-
phy is another radionucleotide study that has application in
the evaluation and management of spondylolysis.

Cervical Spine Pain

Presentation

Neck pain is about as common as low back pain. Population
surveys yield a 15% point prevalence and a 15% to 60% one-
year prevalence.!?! Lifetime prevalence of neck pain is similar
to that of low back pain, about 70%. Certain occupations seem
to have a higher risk of neck pain (miners, dentists, secretar-
ies). The occurrence of neck pain after a motor vehicle acci-
dent (“whiplash” syndrome) seems to be increasing.

Natural History

The etiology of back pain is often nonspecific, and this is
even more the case with the cervical spine.!* In scientific
studies, neck pain is often grouped together with shoulder
region pain. Patients complain differently of neck pain,
stiffness, or headache, or more generally of diffuse pain in
the neck, shoulder, arm, or hand, with decreased endurance
and limited hand function. The reason is that the muscles
and nerves in these regions interact, and distinction is dif-
ficult. As with the low back, there are often important con-
founding psychosocial factors such as work status, legal
cases, individual personality, and medical comorbidities.
Therefore, it is difficult to find studies that comment on the
natural history of neck pain.
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Pathophysiology

Similar to the case of low back pain, it is convenient to think
of neck pain in terms of pathological disk, bone, apophyscal
joints, neural elements, ligaments and musculature. Again it
is convenient to think of neck pain in terms of axial versus
radicular pain. Sometimes this is an easy distinction, but often
neck and shoulder pain coexist in a relatively small region
and the distinction becomes more difficult. For example, in
patients initially diagnosed with shoulder impingement syn-
drome, 5% had definite electrodiagnostic evidence for a C5/
C6 cervical radiculopathy, and an additional 25% had “possible”
electrodiagnostic evidence of a radiculopathy.'** Often the
clinician suspects a relative contribution from neck versus
shoulder pathology, and treatment should involve both regions.
The patient with neck pain often presents with little more than
myofacial pain, muscle spasm, and a forward-stooped pos-
ture with rounded shoulders, tight pectoral muscles, shoul-
der movement restrictions, and forward carriage of the head.
Acceleration/deceleration injuries, or so-called whiplash, may
involve microtrauma to the paraspinal muscles and interverte-
bral ligaments (as in a sprain), or intervertebral disks. “Sting-
ers” or “burners” are seen relatively frequently in American
football players, but remain rather rare in players of other
sports. They are characterized by transient upper extremity
pain, paresthesias, and weakness. The presumed etiology is
an injury either to the upper trunk of the brachial plexus or
to cervical nerve roots. Acute cervical nerve root pain from
an intervertebral disk should always be considered with pain
radiating beyond the neck to the shoulder or distally.

Treatment

Management of neck pain is similar to that of low back pain,
with medications, modalities, therapies, and interventions.
Cervical orthoses have also been recommended.'® The sci-
entific evidence to support many such treatments is actually
rather slim. This may be due to the difficulties in obtaining
uniform diagnostic classifications among the patient groups,
as well as large placebo effects, involved in the scientific
studies. Because of inconsistent findings, it is not possible to
determine the effect of either muscle relaxants or other drug
therapies in the treatment of acute and chronic neck pain.'3*13
Other passive modalities may have mild benefit but in general
show no significant treatment effect compared to placebo for
vapocoolant sprays, laser therapy, infrared light, electromag-
netic collars and necklaces, transcutaneous electrical nerve
stimulation, acupuncture, traction by equipment, and the use
of cervical orthoses. In acute and subacute neck pain, active
physical therapy programs with mobilization, exercise, home
training programs, and ergonomic education'* do seem to
provide benefit. Manual medicine techniques, within the con-
text of other active exercise regimens, seem to provide ben-
efit. Unfortunately, these benefits have not been as dramatic
in studies of chronic neck pain patients.'3*137
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Manual medicine techniques to treat neck pain include
joint mobilization, manual traction, massage therapy, neural
stretching, and active exercise programs. Common soft tissue
abnormalities found in the neck are shortened, tight muscles
(especially trapezius, levator scapula, anterior scalenes),
focal areas of increased tone, and areas of fascial thicken-
ing. Massage techniques are used to identify and eliminate
areas of muscular tension and tenderness that impede mobil-
ity, compromise biomechanics, and create pain. Examples of
techniques include transverse friction to the neck extensors
with some slight neck rotatory motion, sustained myofacial
tension to the sternocleidomastoid with ipsilateral neck rota-
tion, and transverse friction applied to the levator scapulae.'®®
There are several joint mobilization techniques. For the upper
cervical spine, there are gentle axial traction, posteroanterior
(PA) central pressure, and PA unilateral pressure applied over
the apophyseal joints. For the lower cervical spine there are
transverse pressure, gentle and controlled oscillating lateral
flexion movements, and rotations. Exercise therapy is impor-
tant and involves stretches, range-of-motion exercises, self-
resisted strengthening exercises, and postural training such as
chin retraction exercises.'

An athlete who has completed a rehabilitative plan for neck
and back pain must show significant improvement before
returning to play. There should be full strength, and the pain
should be manageable without the requirement of analgesics
or abnormal motion patterns. Additionally, the athlete should
demonstrate good core strength, aerobic fitness, and the abil-
ity to perform sports-specific skills.!*

Selected Cervical Spine Syndromes

The majority of cervical spine syndromes are nonspecific,
myofascial in nature, with strains, sprains, abnormal pos-
ture, and muscle spasm. The management for these kinds
of problems was previously described. Other cervical
spine syndromes include cervical disk disease, disk her-
niations, and facet joint arthropathy. The management of
these problems mirror the treatment used in the lumbo-
sacral spine (discussed later). We will recap some of the
notable differences.

For nonspecific neck pain, the use of muscle relaxant
medications is not scientifically justified. For axial neck
pain, the use of cervical traction and radiofrequency abla-
tion procedures to the facet joints has a good scientific
basis.!?>!*0 The use of intervertebral disk replacements in
the cervical spine to treat degenerative disk disease is pres-
ently experimental. In the treatment of radicular cervical
spine pain due to a herniated disk, the use of epidural ste-
roid injections is supported.!¥14!

Stingers and Burners

Stingers and burners are upper extremity dysesthesias and
weakness seen almost exclusively among American football
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players. Nearly half of college players report these symp-
toms during the course of a season.!**!%> The symptoms are
transient, but typically are recurrent. The mechanism seems
to involve a tackle where the tackling player’s shoulder is
depressed while the neck is laterally bent to the contralat-
eral side. Stingers are thought to involve a traction injury
to the upper trunk of the brachial plexus, but the exact eti-
ology in unclear. Alternatively, recurrent symptoms have
been seen in players with nerve root compression second-
ary to cervical disk disease narrowing the neural foramen.
A high incidence of cervical spinal stenosis also has been
found among players with recurrent symptoms.'® Weak-
ness is found in the C5-C6 distribution, and a player typi-
cally presents with his arm adducted after a blow or fall.
Immediate burning and tingling down the arm to the thumb
and index fingers often is felt. The differential includes
a shoulder dislocation or cervical radiculopathy. When a
stinger or burner occurs on the field, great care must be
exercised to evaluate for a cervical spine or cord injury.
Physical examination shows a full, pain-free range of neck
motion without midline tenderness. Bony tenderness man-
dates radiographic examination. Neurologic dysfunction
is self-limited and commonly involves the deltoid, supra-
spinatus, infraspinatus, and biceps (C5-C6) muscles. Pain
resolves within minutes, with strength returning within 48
hours, although sometimes it takes a few weeks.!**

A player with a brief, or momentary, stinger or burner
may return to play immediately if the cervical spine range-
of-motion is painless, there is normal strength, and the
player is symptom free.'** Usually symptoms subside over
the course of minutes to days. If the player experiences a sig-
nificant and sustained stinger, a cervical spine MRI should
be performed to rule out a structural abnormality before
the player returns to play. If there are persistent neurologic
symptoms, the player should be withheld from athletic par-
ticipation, and a complete workup with cervical spine imag-
ing undertaken. This includes cervical spine trauma series
radiographs and an MRI. If there is suspicion for an occult
fracture, a CT or SPECT scan is helpful. An EMG can help
determine the location of the injury, but pathologic changes
are not present until about 21 days postinjury. Postinjury
rehabilitation focuses on neck strengthening and stretching
performed with the chest held out. Prevention is accom-
plished with shoulder pads that fit snugly to the chest and
have a modified A-frame shape. Other restrictions on neck
movement include the use of neck rolls outside the pads, or
lifters inside the pads.!3*!14?

Transient Quadriparesis, Cervical Cord Neuropraxia,
Cord Concussion, or Burning Hand Syndrome

Known by these several names, this is a rare transient
neurologic episode, thought to be of cervical spinal cord
origin, without a visible structural abnormality seen on
imaging. The occurrence is said to be about 7 per 100,000
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football players.'*? In this syndrome, there are transient
paresthesias (burning pain, tingling, or loss of sensation)
in two or more limbs. In 80% of cases all four extremities
are involved. Neck pain is usually not the chief complaint.
Motor changes may or may not be present. They range from
bilateral upper and lower extremity weakness to complete
paralysis. Sensory disturbances include burning pain or
sensory loss. The mechanism seems to involve brief steno-
sis of the spinal canal, caused by hyperflexion or hyperex-
tension. Furthermore, biomechanical impact studies have
shown that temporarily bulging disks can cause transient
spinal canal stenosis when the spine is axially loaded.!*
Transient quadriplegia risk factors include cervical steno-
sis, kyphosis, congenital fusion, cervical instability, disk
protrusion, or herniation. Vascular and metabolic etiologies
may be involved.!** The Torg ratio is defined as the width
of the spinal canal divided by the width of a verebral body,
as seen on lateral radiographs. A value of less than 0.80 is
indicative of cervical spinal stenosis. The ratio has high
sensitivity (93%) when it is 0.80 or higher. However, a poor
positive predictive value (0.2%) limits its use as a screen-
ing tool for athletic participation.

The prognosis is excellent. Recovery is usually within
15 minutes, but it can take up to 48 hours. After an episode of
transient quadriparesis, the player should not continue to play
that day, even if a full recovery occurs quickly. If the symp-
toms are momentary, a complete neurologic and radiographic
evaluation must be done in a timely fashion. Repeat evalua-
tions should be made if motor or sensory symptoms persist.'+*
A fracture is suspected until proven otherwise if the patient
has neck pain, significant stiffness, or pain with axial head
compression. A cervical orthosis should be used if neurologic
symptoms persist during the evaluation, and the patient should
be transported to a medical facility. Players with MRI evidence
of cord injury or spinal instability, or with more than 36 hours
of neurologic symptoms, should not return to contact sports.
After recovery, there is an overall high rate of transient quad-
riplegia recurrence ( 60%) after returning to football.'*> Many
players choose not to return to contact football. A subset of
football players is identified at high risk for a catastrophic
cervical injury. These players have four factors: congenital
stenosis (Torg ratio less than 0.8), straightening or reversal
of the normal cervical lordosis, preexisting posttraumatic
radiographic abnormalities, and a history of spear-tackling
head-first techniques seen on videotape.'*? These players
have “spear-tackler’s” spine—an absolute contraindication to
participation in collision sports.

Acceleration/Deceleration Injury

Acceleration/deceleration injuries with rapid flexion-extension,
or so-called whiplash, represent a controversial syndrome. While
commonly associated with motor vehicle accidents, this syn-
drome can also occur in sports when the cervical spine is sud-
denly flexed and extended by a collision with an opponent, or
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from contact with the ground. Nonradiating, axial neck pain is
common, usually experienced over the course of 48 hours after
the initially painless traumatic incident. The etiology is thought to
be related to some combination of cervical muscle, ligamentous,
or facet joint capsular injury with nonorganic overtones.!%:145-146
Physical examination often reveals areas of soft tissue tender-
ness, spasm, and a pain-limited range of motion. The neurologic
examination and radiographic imaging studies are normal. Clini-
cal experience suggests that ~1 week of soft cervical collar use
acutely is particularly helpful. Nonsteroidal antiinflammatory
drug (NSAID) use and local modalities have also been suggested.
The use of manual therapies is approached with caution initially.
Later, stretching exercises, gentle massage, and aerobic exercise
are suggested.'*

Down Syndrome and Cervical Spine Instability

Instability at the occiput—atlas (C1) joint is rare in occurrence
and generally insignificant clinically (Fig. 4.30). However,
instability at the atlas (Cl)-axis (C2) junction is common
among individuals with Down syndrome. The instability is
seen in 10% to 30% of adolescent patients with Down syn-
drome.’*” About 15% of these patients are said to develop
neurologic symptoms, sometimes with a catastrophic presen-
tation. Usually the neurologic manifestations include easy
fatigability, gait difficulties, decreased neck mobility, torti-
collis, incoordination, clumsiness, sensory deficits, spastic-
ity, hyperreflexia, clonus, or other upper motor neuron signs.
Atlantoaxial instability is defined radiographically when there
is evidence of a 5-mm or greater interval between the atlas
and dens of the axis. The suspected pathology is ligamentous
laxity. About 7% of patients with normal radiographs initially
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have been shown to progress with abnormal radiographs in 3
to 6 years. Conversely, about 20% of patients with abnormal
radiographs initially had normal radiographs on follow-up.!*®
It is important to keep the perspective that only 41 docu-
mented pediatric cases of symptomatic atlantoaxial instability
with Down syndrome were described in the published litera-
ture prior to 1995.

Routine radiographic screening is controversial.'#® The
Special Olympics requires all athletes with Down syndrome to
have radiographs of the cervical spine. The Spine Care Foun-
dation of Australia and American Academy of Pediatrics cur-
rently do not advise it, except in cases where there is persistent
neck pain, cervical spine muscle spasm (“wry neck’), decreased
stamina of recent onset, recent gait disturbance, or loss of pre-
viously controlled urination. In any case, a Down syndrome
child with normal radiographs and neurologic examination has
no restrictions. If there is progressive atlantoaxial instability
or significant spondylosis with a normal neurologic exam, the
patient should be restricted from neck-stressing sports. These
are defined by the Special Olympics as gymnastics, diving,
diving starts and the butterfly stroke in swimming, high jump,
soccer, pentathlon, and certain warm-up exercises. Periodic fol-
low-up examinations and radiographs are advised. If there is
progressive instability with myelopathic features, then surgi-
cal stabilization should be considered, although there is a high
complication rate associated with the procedure.'?347

Congenital Stenosis

Cervical spinal stenosis is a narrowing of the spinal canal.
Acquired stenosis is caused by degenerative changes of the
facet joints, ligaments, and intervertebral disks. Congenital
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FI1G. 4.30. (A,B) Cervical flexion and extension radiographs of a 41-year-old woman with Down syndrome. The patient had 2 years of neck
pain with reduced range of motion, and numbness into her fingertips and toes. The radiographs demonstrated occiput-C1 instability and slight
anterolisthesis of C3 on C4, and C4 on C5. There are also degenerative changes at C4-C5, C5-C6, and C3-C4. There is no evidence of C1-C2
instability. A complete workup was performed, and the patient was treated with a posterior occiput to C5 instrumented fusion.
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stenosis affects individuals born with a smaller diameter canal
than the general population. It is believed to predispose ath-
letes to injury. The precise definition is debatable; therefore,
prevalence data are difficult to estimate. The Torg ratio, men-
tioned previously, has gained some acceptance as a measure-
ment criteria. This ratio of canal width to vertebral body width
is said to be normal when greater than 0.8. One limitation is the
susceptibility to overestimate narrowing in those athletes with
large vertebral bodies. For example, about 50% of professional
American football players have been shown to have abnor-
mally small Torg ratios.'* The other limitation is that only the
spinal canal is considered, without concern for the spinal cord
anatomy itself. Therefore, the Torg ratio should be considered
a screening tool. Further radiographic assessment using MRI
should be considered (Fig. 4.31). Another entity, Chiari type I
hindbrain malformation, can cause functional cervical spinal
stenosis. The cerebellar tonsils are caudally displaced in this
condition, and transient quadriparesis in a football player with
this entity has been reported.'* Chiari I malformation with the
presence of a spinal cord syrinx (fluid-filled cavity) is a well-
described risk factor for spinal cord injury.

Cervical spinal stenosis has been suggested to be a risk
factor for cervical cord neurapraxia, and associations with
spinal cord injury have also been described.!**'* Particular
risk exists when there are high-velocity impacts combined
with hyperextension. Biomechanical testing shows that
significant transient cervical spinal canal stenosis occurs
also with axial impact loads.'* A handful of guidelines for
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return to play have been published, but not one of them is
considered standard.

Criteria for Return to Play After Cervical
Spine Injuries

There are a variety of opinions regarding the safe return
to play guidelines for players with cervical spine inju-
ries. 1314214319150 Clinjcal experience, and respect for the
autonomous decision making by a well-informed athlete can
modify these guidelines. However, individual return to play
decisions should be medically based and take into account
the mechanism of injury, prior history of neck injury, physi-
cal exam findings, and diagnostic imaging results. They
should not be based on the player’s desire to play, any sports
contract provisions, or the opinions of the player’s friends,
family, teammates, coaches, or team owners (Table 4.4).

Thoracic Spine Pain

Pathophysiology

As with neck and low back pain, often it is not possible for
the clinician to make a precise diagnosis of pain in the tho-
racic spine region. The most common problems are paraspinal
or periscapular muscle strain, intervertebral joint syndromes
(disk, apophyseal joints), and, in adolescents, scoliosis (often
not associated with pain) and Scheuermann’s kyphosis.

F1G. 4.31. Congenital cervical spine stenosis in a 28-year-old man. (A) Sagittal T1-weighted MRI of the cervical spine. (B) Axial T1 gradient

echo MRI of the C6-C7 level.
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TABLE 4.4. Return to play guidelines.
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No contraindications to return to play:

Congenital: spina bifida occulta, type II Klippel-Feil congenital single level fusion (excluding the CO-C1 articulation), asymptomatic congenital stenosis

(Torg ratio less than 0.8)

Fractures: healed stable C1 or C2 fracture with normal cervical range of motion, asymptomatic “clay shoveler’s” (C7 spinous process) fracture
Degenerative: degenerative disk disease with only occasional neck stiffness and no change in baseline neurologic status

Postsurgical: healed one-level surgical fusion
Other: history of two resolved stingers

Relative contraindication to participation:

Congenital: an occipital-C1 assimilation

Postsurgical: healed two-level cervical fusion, healed single-level posterior fusion with lateral mass segmental fusion
Other: Three or more stingers in the same season, history of transient quadriplegia (with normal strength, pain-free range of cervical motion)

Absolute contraindications to participation:

MRI evidence: cervical spinal cord abnormality, Arnold-Chiari malformation, basilar invagination, evidence of residual cord encroachment following

a healed stable subaxial spine fracture

X-ray evidence: C1-C2 hypermobility, evidence of spear-tackler’s spine, ankylosing spondylitis, diffuse idiopathic skeletal hyperostosis (DISH), healed
subaxial spine fracture with kyphotic sagittal plane or coronal plane abnormality

Computed tomography: fixed atlantoaxial (C1-C2) rotatory abnormality

Other radiographic findings: evidence of a distraction-extension cervical spine injury

Congenital: a multiple level Klippel-Feil deformity, odontoid agenesis

Degenerative: history of C1-C2 cervical fusion, symptomatic disk herniation

Postsurgical: three-level fusion, status post—cervical laminectomy
Soft tissue: asymptomatic ligamentous laxity

Other: more than two episodes of transient quadriplegia; cervical cord neuropraxia lasting more than 36 hours; clinical history or physical examination
findings of cervical myelopathy; clinical or radiographic evidence of rheumatoid arthritis; after a cervical spine injury, the presence of persistent neck

discomfort, decreased range of motion, or neurologic deficit

Prolapse of a thoracic intervertebral disk is rare in athletes,
but when present is usually at T11-T12. However, a cervical
radiculopathy can present with pain about the shoulder blades,
and C7-T1 degenerative disk disease can present with pain at
the base of the neck and upper shoulder. Rib fractures usu-
ally present as chest (not solely as thoracic spine) pain. In the
elderly there is also concern for osteoporotic vertebral body
compression fractures. Other medical causes such as cardiac
pathology, gastrointestinal ulcer, or tumor (breast) should
always be kept in mind.'®

General Treatment

Stretching, manual medicine techniques, and correction of
predisposing factors are the mainstay of treatment for thoracic
spine pain. A light, backpack-like thoracolumbar orthosis is
often well accepted by patients with osteoporotic vertebral
body compression fracture, and may be used for Scheuer-
mann’s kyphosis as well.'!

Selected Thoracic Spine Syndromes
Scheuermann’s Kyphosis

Scheuermann’s kyphosis is most commonly seen in skeletally
immature adolescents, with an estimated 1% to 8% incidence.
Water skiers and competitive swimmers are reported to have
an increased incidence. There is a strong hereditary tendency,
but the exact etiology is unknown. Diagnostic criteria are (1)
thoracic kyphosis greater than 45 degrees (normal is 25 to 40

degrees), (2) wedging of greater than 5 degrees in three adja-
cent vertebrae, and (3) thoracolumbar kyphosis greater than
30 degrees (normal is straight). Associated conditions include
the presence of Schmorl’s nodes, spondylolysis of the L5 pars
interarticularis, and scoliosis. Clinically, patients demonstrate
an angular thoracic kyphosis that doesn’t reverse with hyper-
extension, tight hamstrings, pain at the apex of the kypho-
sis, hyperlordosis of the cervical and lumbar spines, and low
back pain. Neurologic deficits are uncommon. This condition
is differentiated from “postural round back,” where there is
no wedging on radiographs, and the patients have a flexible
round back. The diagnosis is made with radiographic veri-
fication. Pain usually subsides at the end of growth, but the
natural history is controversial. Treatment is related to pain,
deformity progression, and appearance. Curves of less than 50
degrees that are stable may be observed. An exercise program
focuses on stretching of the back and hamstrings. Bracing to
address the thoracic kyphosis may be useful in patients with
pain. More severe curvatures of 50 to 60 degrees are treated
with orthotics, worn around-the-clock for 1 year, followed by
2 years of nighttime bracing. Surgical correction appears suc-
cessful in alleviating pain and is the only reliable method for
cosmetic correction. However, surgery may also be associated
with significant morbidity.'>

Idiopathic Scoliosis

Idiopathic scoliosis is generally divided into three age groups.
Infantile scoliosis occurs before age 3. Juvenile scoliosis occurs
from ages 3 to 10. Idiopathic scoliosis occurs in adolescents,
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and represents 80% of cases. Certain sports have been associ-
ated with scoliosis, such as gymnastics, swimming, volley-
ball, ballet dancing, tennis, and javelin.!** Repetitive loading
patterns on immature bone are a contributing factor. Girls are
at greater risk than boys. Hypoestrogenism is also a contribut-
ing factor. The prevalence of idiopathic scoliosis in the gen-
eral population is said to be 2% to 3%, with a 10-fold higher
incidence seen in rhythmic gymnasts. There is often a posi-
tive family history, but the pattern of inheritance is unclear.
Back pain prevalence is significantly higher than in control
populations.'>* The majority of idiopathic curvatures are right
thoracic curves. There may be slow progression before age
10, but rapid after age 10. On radiographic exam, the level of
the most rotated vertebra at the apex of the primary curve has
an important prognostic value. Bracing is most successful in
milder cases, but may be tried in curves up to 60 degrees to
maintain, but not correct, the deformity. Once patients enter
the adolescent growth spurt, bracing is often ineffective.

In late-onset, adolescent, scoliosis, a higher risk of progres-
sion is seen the earlier in adolescence it presents. Although
there is a slightly increased association with low back pain,
overall patient function is not particularly affected. The primary
concern is cosmetic in lower degree curves. Bracing for idio-
pathic scoliosis is controversial.'® The general consensus is that
curves less than 20 degrees are observed. Curves of 20 to 30
degrees may be observed, but if there is progression of more
than 5 degrees in 6 months, then bracing should be instituted.

Curves between 30 and 40 degrees are braced if the patient
is less skeletally mature than Risser stage 3. The Risser staging
system estimates skeletal maturity from a pelvie radiograph.
Normally, ossification of the iliac crost apophysis begins at the
anterior superior iliac spine (ASIS). Mature ossification pro-
ceeds with age in a posteromedial direction along the crest. In
the Risser staging system, the crest is divided into 4 quadrants.
Risser stage 1 denotes ossification in the first quadrant only,
while Risser stage 4 denotes complete ossification of the iliac
crest apophysis. Risser stage 5 indicates that all quadrants of
the apophysis are ossified and that they are completely fused
to the iliac crest. Children generally progress over a two-year
period from Risser stage 1 to 5.

Some spinal curves between 40 and 45 degrees can be treated
successfully with bracing, but generally it will not work for
curves greater than 45 degrees. With the apex at T8 or lower,
a Wilmington or Boston back brace may be used. Higher tho-
racic curves may require a Milwaukee brace. Greater effec-
tiveness is seen with braces the more hours each day they are
worn. It must be noted that bracing reduces vital capacity sig-
nificantly. Surgical treatment for the deformity can be quite
effective. In general, progressive curves, and those above 30
degrees in the adolescent are considered for surgery.

Patients with scoliosis have no particular contraindications
to swimming or other contact sports. In children who are
treated with a brace, sports participation may be encouraged
during the few hours they are out of the brace. Some sports
such as cheerleading, horseback riding, and bicycling allow
participation with a brace.
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Lumbosacral Spine Pain

Presentation

Low back pain is said to affect 70% of people at some point
in their lives.!*! Specific incidence data are available for indi-
vidual sports. Low back pain affects 10% to 30% of profes-
sional golfers per year.!*® The incidence of low back pain
among American football players and male dancers is about
30%.'571%8 Female gymnasts at high levels of competition are
said to have a 45% to 65% incidence of spine abnormalities
seen on MRI, compared to 15% seen in comparable elite swim-
mers'>; 10% to 30% of female gymnasts have been shown to
have pars interarticularis defects, a level four times as high as
their nonathletic peers.'® Finally, back pain has been shown to
account for about 15% of the visits to a sports medicine clinic
by tennis and squash players.!®!

Most athletes with low back pain present with mild to moder-
ate pain. In some, the pain will be severe. Acute low back pain is
usually of sudden onset, triggered by a trivial movement such as
bending over to pick up an object. The pain may increase over a
period of several hours. Patients with chronic (i.e., greater than
3 months’ duration) back pain describe acute exacerbations that
may become increasingly frequent, severe, and longer lasting
over the course of months. The pain is usually in the lower lum-
bar area. It may be unilateral, central or bilateral. It may extend
to the buttocks, posterolateral thigh, or lower leg.

Natural History

Nonspecific low back pain recovery is generally rapid, with
one third of patients significantly improved within a week,
and two thirds by 7 weeks. However, recurrences are common,
affecting up to 40% of patients within 6 months. The overall
picture can be a chronic problem with intermittent exacerba-
tions.!'® Recovery from acute radicular pain due to a herniated
disk is favorable, with sequential MRI studies showing regres-
sion of disk herniations and good resolution of symptoms in
many cases by 6 months.!?2162

Pathophysiology

It is convenient to think of back pain in terms of location,
existing either as a central or axial (nonradiating) pain versus a
radicular pain involving the lower extremities. Axial low back
pain has several potential etiologies. These include injury to
the intervertebral disks, in the form of annulus fibrosus tears
and degenerative disk disease, apophyseal joints, and verte-
bral bodies. Excessive rotational stress may injure the annulus
fibrosus and apophyseal joints. The outer half of the posterior
annulus fibrosus is innervated.'® A tear in the annulus may
provoke an inflammatory response with chemical irritation
of the nociceptors, and may predispose to a frank disk her-
niation. Pure axial compression of the disk will increase the
radial and hoop strains in the disk and also provoke pain. Tears
or fractures at the disk—vertebral endplate junction may also
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arise from excessive weight bearing. The apophyseal joints
are common sites of pain, and may arise from injury due to
subchondral fracture, capsular tears, synovial tissue irritation,
or hemorrhage into the joint space.

Differentiation between injuries of disk and apophyseal joints
may be appreciated by pain-provoking activities (flexion with
disk injuries, and extension with apophyseal joints). Spondy-
lolysis, or stress fracture of the pars interarticularis, is seen in
sports with back extension and rotation, such as gymnastics and
tennis. Spondylolisthesis or slippage of one vertebra upon the
other may be seen in athletes with bilateral pars defects. Any of
the pain-producing structures of the spine has been implicated
in low back pain, including the vertebral venous plexus, dura
mater, intervertebral ligaments, and muscles and their fascia.
Such structures may cause pain simply due to functional insta-
bility of the spine arising from weakness and spasm of the core
muscles. Radicular pain is sharp and lancinating along a derma-
tomal distribution. This suggests nerve root irritation. Radicular
pain can be associated with numbness and tingling, as well as
somatic pain, a deep ache, referred along the buttocks or poste-
rior thigh. Abnormalities in sensation, motor strength, and deep
tendon reflexes will be seen in patients presenting with nerve
root irritation. Commonly, in athletes, such nerve root irritation
is a result of disk protrusion or extrusion. With older patients,
the irritation can also result from degenerate apophyseal joints
and ligamentum flavum hypertrophy. Spinal canal stenosis, both
degenerative and congenital, can cause symptoms about the hips.
It is characterized by pain aggravated with walking and typically
relieved by forward flexion and rest. Each of these components
must be evaluated. Overall, the diagnosis is made by corroborat-
ing the clinical history, physical exam, and imaging findings.

Treatment

Many patients affected by nonspecific low back pain experi-
ence spontaneous recovery quickly. For most, the best recom-
mendation in the acute phase is neither bed rest nor physical
exercise, but a general emphasis on the avoidance of painful
activities with a gradual return to normal activities. Heavy
lifting and trunk rotation should be discouraged. Positions of
comfort vary, and may involve lying prone, supine, or com-
monly side-lying with a degree of lumbar flexion. Bed rest for
more than a day or two is inadvisable.!%110

Nonsteroidal antiinflammatory drugs, taken regularly, are
effective for symptom relief. No one antiinflammatory has
been shown to be superior to another. The prescription of so-
called muscle relaxants is common, but it is not entirely clear
which patients stand to benefit.'** The class of medications is
broad, and includes benzodiazepines (diazepam), barbiturate
precursors (SOMA, carisoprodol), tricyclic antidepressants
(cyclobenzaprine), and other centrally acting depressants such
as the -aminobutyric-acid-b (GABA-b) agonist baclofen.!®
Side effects (drowsiness, dizziness, and nausea) are common,
and there is abuse potential. Drug interactions, withdrawal
symptoms, and serious medical complications are also pos-
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sible.!1%165 These so-called muscle relaxants are undoubtodly
helpful in individuals suffering with actual central nervous
system pathology, where loss of central control leads to spas-
tic, hyper-reflexic muscle. In patients without upper motor
neuron damage, it is not clear whether the medications actu-
ally “relax” spasmodic peripheral skeletal muscle. Neverthe-
less, the nonbenzodiazepine sedatives seem to show some
benefit in perceived low back pain. Such benefits are not seen
as often in the treatment of neck pain (see below).

Because nonspecific low back pain generally resolves spon-
taneously, an automatic prescription for physical therapy is not
always warranted. Indeed, in the treatment of acute and sub-
acute back pain, the scientific literature addressing exercise
versus no treatment is not particularly supportive.'® However,
in the long-term, a generalized conditioning program with
aerobic fitness, combined with education and specific trunk
and leg strengthening, has been shown to be helpful in reduc-
ing pain and improving overall function.!'?

It is helpful to think of the physical therapy treatment of
mechanical low back pain as a series of six phases, and an
individual decision must be made to determine the correct
emphasis of therapies in a particular patient:

1. Control of pain and inflammation can be accomplished with
modalities such as ice, transcutaneous electrical nerve stimu-
lation (TENS), spinal manipulation/manual therapy, massage,
trigger point therapies, acupuncture, traction, education, and
relative rest. Many of these interventions may be individu-
ally perceived as helpful, but scientific efficacy is mostly
anecdotal "% Massage can address the abnormalities of the
muscles and fascia, which are often seen in patients with low
back pain.'® Unfortunately, massage therapy has not been rig-
orously studied.

Spinal manipulation and mobilization techniques have
moderate evidence to support their effectiveness for short-
term pain relief.'®!” The goals are to restore movement
to hypomobile intervertebral segments and reduce pain.
Mobilization techniques include PA central, PA unilateral,
rotations, and transverse vertebral pressure. The details may
be found in various manual medicine textbooks.'s” Trac-
tion maneuvers are not well substantiated for treating the
lumbar spine; in the cervical spine there is somewhat bet-
ter science supporting its use.'*> In many interdisciplinary
centers, these manual medicine maneuvers are performed
usually by osteopathic physicians, chiropractors, or medi-
cal physicians, and sometimes by physical therapists.

2. Restore full range of pain-free motion. In contrast to the
passive modalities emphasized in phase 1, the patient
should graduate to an active program of fitness. The pro-
gram should involve stretching, range of motion, strength-
ening, and core stability. The exercises should be performed
in a direction away from movement that aggravates symp-
toms. For example, extension exercises may reduce neural
tension or disk protrusions in patients with degenerative
disks for which flexion increases pain. Conversely, patients
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with spinal stenosis or posterior spinal column pathology,
who have pain with extension, should be treated with trunk
flexion exercises. In general, strengthening should first
involve isometrics, with progression to isotonic exercises
with concentric strengthening. However, there has been no
strong scientific evidence to support one specific exercise
program over another.'%

3. Identify and address possible contributors to pain, such as
poor posture, abnormal biomechanics, sports technique,
other joint injuries. The two principles are activity modifi-
cation and correction of the biomechanical abnormalities
that predispose the patient to injury. Activities should be
modified to reduce stress to the lumbar spine, and involve
new techniques of awareness and activation for posture,
activities of daily living, and sports technique.

Biomechanical imbalances (muscle weakness, tight
muscles, poor muscle control) must be addressed. These
imbalances may increase the stresses experienced by the
spine. Here, the exercise principles of Janda!®® are particu-
larly enlightening. In athletes it is common to find relative
weakness of gluteal and hamstring muscles. These muscles
are important for pelvic control and tilt, and usually require
some training to activate during lifting and bending activi-
ties. Muscle tightness is commonly found in the erector spi-
nae, psoas, iliotibial band, hip external rotators, hamstrings,
rectus femoris, and gastrocnemius-soleus complex.

Motor control rehabilitation focuses on the transversus
abdominis and lumbar multifidi core muscles. In patients
with back pain there are changes in the firing patterns of
these muscles. The rehabilitation begins with formal motor
skill training using core strengthening exercises and the
concept of the neutral spine, incorporation of muscle acti-
vation patterns during daily activity, and progress toward
the incorporation into sports-specific tasks.!%

4. Enable the patient to achieve strength, endurance, coordina-
tion, and speed. Dynamic exercises are structured to maxi-
mize coordinated muscular activities, which emphasize
postural control and spinal stability.

5. Improve the patient’s general cardiovascular condition.
Patients are encouraged to remain active and to socialize.
These activities may increase native endorphin levels to
promote a sense of well-being. Indeed, 20 to 30 minutes of
aerobic exercise performed three to four times a week at an
intensity level of 60% of cardiac maximum has been shown
to increase endorphin levels up to 100 times.'®

6. Maintenance. An individual training program is developed
for the patient athlete to be continued after discharge from
formal physical therapy.

Selected Lumbosacral Spine Syndromes
Spondylolysis

Spondylolysis is a defect of the pars interarticularis, which is
the junction of the lamina with the pedicle. The L5 vertebra
is most commonly involved. When the condition is bilateral,
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the superior articular processes remain attached to the verte-
bral body, but there is a defect through the pars such that the
spinous process and inferior articular processes are detached.
If the defect only is present, the condition is referred to as
“spondylolysis.” If there is slip displacement of the vertebral
body as a result of the defect, the condition is referred to more
generally as “spondylolisthesis” (see following discussion).
Spondylolysis may be hereditary or acquired, and is associ-
ated with spina bifida occulta. First-degree relatives are at
increased risk, and higher prevalence has been seen in Eskimo
population studies. Gender and race play a role, with an inci-
dence of 6.5% in white men, 3% in black men, 2.5% in white
women, and 1% in black women. For most, the condition is
thought to be an acquired stress fracture, and is seen particu-
larly with athletes involved in sports that entail episodic hyper-
extension and rotation, such as gymnastics, tennis, diving,
rowing, dance, weight-lifting, wrestling, pole vaulting, high
jump, javelin, discus, hammer throw, volleyball, American
football linemen, and baseball pitching. The fracture usually
is seen on the opposite side to the side performing the activity
(i.e., left-sided fracture in a right-handed javelin thrower).!®
While noted in 5% of the general population, the incidence
of spondylolysis in divers, weight-lifters, wrestlers, and gym-
nasts has been reported to be 10% to 60%.">* Furthermore,
only 10% of those individuals in the general population are
symptomatic with a spondylolysis. But among athletes, 50%
of those individuals with a spondylolysis report associated low
back pain. Three phases of stress fracture are described: early,
progressive, and terminal. The early stage is characterized by
focal bony absorption or a hairline defect seen on imaging.
The progressive stage has a wide defect with small fragments.
The terminal stage demonstrates sclerotic bony changes.

Patients complain of a unilateral low back pain with pos-
sible involvement of the buttock and posterior thigh. The pain
is typically provoked with prolonged standing or back exten-
sion-rotation maneuvers. There is poor tolerance of activi-
ties that load the spine such as running and jumping, while
sitting is better tolerated. On exam the pain is provoked by
the single-legged hyperextension test. This maneuver has the
athlete standing on the leg of the affected side and then placed
into lumbar extension with rotation. The hamstring muscles
are often tight. There is unilateral tenderness to palpation over
the fracture site.

Radiographs may not show the fracture acutely. How-
ever, in longer-standing cases, the pars interarticularis defect
may be revealed on the oblique views (an absent neck in the
“Scottie dog’; see above, also see Figs. 4.14, 4.15, and 4.32).
Overall, the sensitivity of lateral and oblique radiographs
in diagnosing spondylolysis is 75% to 77%.'>* When a pars
defect is suspected clinically, a SPECT scan is important to
direct management.'” The SPECT scan uses small amounts
of radionucleotide tracer, which is retained by osteoclasts
involved in the acute and progressive bony phases of frac-
ture remodeling. Because of this, SPECT scans should not be
used with pregnant women. A positive SPECT can also be
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seen in chronic degenerative arthritic conditions, in the facet
joint, for example, where bony resorption and remodeling
are also occurring. Usually in the youthful athletic popula-
tion this is not a concern. The SPECT can be followed by
CT, if the SPECT was positive or “hot,” to better image the
fracture site. Other conditions picked up by the SPECT scan
can be assessed with the CT scan, such as osteoid osteoma,
osteoblastoma, facet joint osteoarthritis, or fracture in other
elements of the posterior column (pedicle or facet joint itself).
The patient may be monitored during healing with repeat CT
scan of the fracture. If the SPECT was negative or “cold,” an
MRI is suggested to evaluate degenerative disk disease, the
presence of nerve root compression, tumor, or infection. With
high-quality images, proper technique and greater interpretive
skill, an MRI examination may also visualize marrow edema
at the site of an acute spondylotic defect.!’”! Even in the best
circumstances, however, bony anatomy is not as well defined
in MRI as with CT scanning, nor is the pathology as well dem-
onstrated to patients as with SPECT scanning.

The goals of treatment are pain relief, defect healing, healthy
return to sports, and prevention of future injury. The first treat-
ment step is restriction of the offending maneuver or activity.
Second, a stretching program focused on the hamstrings and
gluteal muscles is instituted. Hip range of motion and control
is as important as trunk strengthening. Core trunk strength
exercises are prescribed as soon as they can be performed in
a pain-free fashion. As always, there is a progression starting
with isometrics, and moving on toward closed and open chain
exercises. Emphasis of core muscle group co-contractions
should be made, and training must incorporate the use of these
coordinated co-contractions into sports and daily activities.
When aggravating maneuvers (lumbar extension and rotation)
are pain-free and there is no local tenderness, the athlete may
be progressed to 4 to 6 weeks of sports-specific drills with an
emphasis on balance, speed, and endurance training using pain
as a guide. Technique adjustments should be identified to limit
lumbar extension. Specific strengthening and stretching routines
should be incorporated into the warm-up and cool-down rou-
tine of the athlete. The use of rigid bracing is debatable.!%:13170
Repeat imaging may not be required, although younger athletes
(ages 9 to 13) with spina bifida occulta and spondylolisthesis
may require surveillance every 6 months until age 16.

Most cases of early stage fracture proceed to radiographic
healing. Unilateral defects are more likely to heal than bilateral
defects. There is improved success with L4 defects compared
to L5 defects, and with defects that are closer to the vertebral
body. About half of the patients with progressive stage defects
demonstrate bony healing, while almost none of the terminal-
stage patients with sclerotic changes show healing. However,
excellent and good clinical outcomes have been reported even
in the absence of radiographic healing.!>® Surgical interven-
tion is rarely indicated, but when performed, successful fusion
rates of 80% to 90% are reported.!’? In patients with a healthy
intervertebral disk, this can involve direct repair of the pars
fracture using a lag screw and grafting across the defect. In
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cases with a coexistent degenerate disk, a one-level fusion
utilizing a posterior approach may be preferred.

Spondylolisthesis

Spondylolisthesis is defined as the slippage of one vertebral
body forward on the one below. Six categories of spondylolis-
thesis have been proposed: congenital, isthmic, degenerative,
traumatic, pathologic, and postsurgical. Isthmic spondylolis-
thesis is the most common type seen in children and young
adults. It is associated with bilateral pars defects that develop
usually in early childhood. It is commonly seen in children
between the ages of 9 and 14, and is often asymptomatic dur-
ing this period. The vast majority of cases involve a slip of
L5 on S1 (Fig. 4.32). The Meyerding classification relies upon
radiographic imaging and denotes slippage in percent terms of
the superior endplate of the underlying vertebral body (usually
S1). Grade 1 slip denotes a vertebral body that has slipped 5%
to 25% of the total distance of the underlying endplate. Grade
2 denotes 26% to 50% slip, grade 3 denotes 51% to 75%, and
grade 4 denotes 76% to 100% slip. Complete dislocation is
grade 5, which is termed spondyloptosis. Most (i.e., 60% to
75%) of slips are grade 1, with less than 2% grade 3, 4, or 5.1
The likelihood of spondylolisthesis progression is low. When
seen, progression occurs in children with skeletal immaturity.

F1G. 4.32. Bilateral pars defects with resultant grade 2 anterolisthe-
sis of L5 on S1 in a 31-year-old woman. There was no evidence of
abnormal motion in the flexio and extension views.
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Children and adolescents with high-grade slip are at risk for
further progression. Females are at greater risk than males.!"™

Grade 1 slips are usually asymptomatic. Patients with grade 2
or higher slips may complain of low back pain, usually without
radicular leg pain. The pain is exacerbated with lumbar extension
activities. Pain may be mild to severe, and usually is more severe
in those cases associated with an acute spondylosis. However,
most cases are not associated with increased pain, disability, or
abnormal radiographic motion.'” On exam there may be a pal-
pable “step-off” defect corresponding to a severe slip, and there
may be abnormal soft tissue tone or point tenderness. Lumbar
extension may be pain-limited. It is important to realize that the
back pain may not be exclusively arising from an incidentally
noted spondylolisthesis. Neurologic deficits are rare, but when
present usually involve the L5 spinal nerve roots.

The treatment of athletes with symptomatic grade 1 or 2
spondylolisthesis involves relative rest, followed by stretching
and trunk strengthening exercises. The program is similar to that
described above for symptomatic spondylolysis. Anti-lordotic
bracing may help control pain, but will not decrease slippage.
Manual medicine techniques involve gentle joint mobilization
to stiff joints above and below the slip. Manipulation should not
be performed at the level of the slip. Return to sports is allowed
after the athlete is pain free on lumbar extension, and is able
to demonstrate good spinal stabilization. A recurrence of pain
mandates cessation of the exacerbating activity. Athletes with
grade 3 or 4 spondylolisthesis must avoid high speed and contact
sports. Usually these patients are too symptomatic to participate
in such sports anyway. Again, slip progression is rare. Injection
therapies into the pars defect or facet joints have been reported
anecdotally, without consistent benefit. Surgical fusion may be
indicated for those athletes with evidence of slip progression
or pain not relieved by nonoperative measures.!®1”* Fusions
require about 6 to 12 months before solid fusion is obtained and
an athlete can return to compete in contact sports.'*

Acute Nerve Root Compression

Lumbar herniated disks are relatively uncommon in young
competitive athletes. When they do occur, prolapse of the disk
releases contents of the nucleus pulposus into the spinal canal
and neuroforamen. There, irritation of the spinal nerve roots
may occur. Three types of herniations are described: protru-
sions, in which the surrounding disk annulus remains intact;
extrusions, in which the annulus is violated, but the posterior
longitudinal ligament (PLL) is intact; and sequestered disk,
in which both the annulus and PLL are violated and free disk
fragments are seen in the spinal canal'> (Fig. 4.33). Clinical
and animal research studies suggest that radicular pain is the
result of inflammation of the nerve root, and this may occur
from chemical irritation by disk materials, compression and
ischemia of the nerve root epineurial vasculature, or mechani-
cal compression of the dorsal root ganglion. In older athletes,
nerve roots may be affected anteriorly by the disk, but also
posteriorly by facet joint osteoarthritic processes. A disk prolapse
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may develop after a trivial event, which triggers a painful
episode. Ninety-five percent of lumbosacral disk herniations
occur at the L4-L5 or L5-S1 levels with involvement of the LS
or S1 nerve roots. They occur more commonly in males than
females, and in patients between 20 and 50 years of age. A
weak association between the activity of bowling and lumbar
disk herniation has been reported. No association was noted
with other sports (baseball, softball, golf, swimming, diving,
weight lifting, or racket sports).!> About 2% of the general

F1G. 4.33. Acute right paracentral disk extrusion, seen at the L5-S1
level on sagittal (A) and axial (B) T2-weighted MRISs, in a 33-year-
old man with a 6-week history of right leg pain, numbness, and
tingling. The disk mass impinges on the traversing right S1 nerve
root. Two epidural steroid injections helped manage his pain and the
patient improved over 5 months.
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population is affected, but only 10% to 25% are symptomatic
for more than 6 weeks.'* Because less than 10% are affected
more than 3 months, urgent surgical intervention is generally
not required in most cases (unless there is a cauda equina syn-
drome). Similar resolution is seen over 6 to 12 weeks in cervi-
cal spine radiculopathies. 43162

Patients complain of lancinating pain down the limb
in a characteristic dermatomal pattern. This is associated
with paresthesias. A position of comfort is difficult to find.
Upper or midlumbar radiculopathies generally refer pain to
the anterior thigh, whereas lower lumbosacral radiculopa-
thies refer pain along the lateral or posterior thigh to the
side of the foot. Physical exam findings include positive
nerve root tension signs, altered deep tendon reflexes, and
sometimes myelopathic findings on motor exam. Palpatory
exam usually reveals marked tenderness and paraspinal
muscles that are tight in spasm. The diagnostic impression
may be confirmed with MRI, which helps verify the level
of compression and exclude other forms of spinal pathol-
ogy. Electrodiagnostic studies may help rule-in a radicu-
lopathy in difficult cases, but as mentioned previously they
may not be used to exclude a radiculopathy.

Supportive care, as detailed above, is appropriate, which
includes NSAIDs prescribed on a regularly scheduled basis,
short prescriptions of sedative “muscle relaxant” medications,
exercise, manual medicine techniques, and waiting for symp-
tom resolution. Weak narcotic medications and bed rest have
not been shown to be effective compared to alternative treat-
ments for any patient outcomes such as pain relief, recovery
rate, return to daily activities, or days lost from work.!%¢ Stay-
ing active, to the extent possible, has strong evidence for posi-
tive outcomes, as do back exercise programs. No one exercise
program has been shown superior to another. Patients should
be reassured that most disk problems resolve without residual
impairments, but that episodic exacerbations are not unex-
pected. As the acute phase resolves, the focus of treatment is
restoration of range of motion, active stabilization of the trunk
through strengthening and motor firing control, postural advice,
adjustment of sporting technique, and aerobic conditioning.'%

Injections of epidural steroids can improve patient satis-
faction, decrease pain, increase tolerance for walking and
standing, and prevent surgery in many patients. Contra-
indications to an interventional procedure include antico-
agulation, allergy to injectates (contrast dye, steroid, local
anesthetic), and, depending on the treatment, pregnancy.
Relative caution should be exercised with patients who are
concurrently taking aspirin or other NSAIDs, or with other
poorly controlled medical conditions. The three routes for
delivery of epidural medications are caudal, interlaminar,
and transforaminal. All of these routes should be performed
with fluoroscopic guidance, because there is a 30% to 40%
“miss” rate seen with even experienced interventionalists.
Other risks include vasovagal reaction, dural violation,
hematoma, and infection. Nerve root injury and meningitis
have also been reported.'2®
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An abundant literature exists regarding the efficacy of epi-
dural steroid injection therapy, most of it uncontrolled, poorly
designed, and retrospective. Such studies have been unable
to demonstrate much of a positive treatment effect. On the
other hand, there are several well-designed studies that show
substantive long-term benefit.!?2!2*126 The optimal timing, fre-
quency, or medication dosing of injections is unknown. Typi-
cally, an athlete’s response to an injection is evaluated about
2 weeks later, and a second injection may be recommended.
A total of three to four injections may be scheduled over 6 to
8 weeks, depending on the clinical response. Urgent surgi-
cal consideration should be given to patients who experience
cauda equina syndrome, which is progressive neurologic defi-
cit with motor loss. Surgery is also a useful consideration for
those with intractable pain, symptoms lasting longer than 6
weeks, or recurrent episodes that interfere with the patient’s
activities.

For those patients who have severe pain, or weakness, dur-
ing 8 to 12 weeks of nonoperative management, surgery may
be strongly considered. Microdiskectomy is the preferred pro-
cedure. In elite and professional athletes, a study showed that
after surgery, 53 of 60 returned to their chosen sport in an
average of 5 months.'¥

Degenerative Disk Disease

The intervertebral disk is a poorly vascularized, fibrous struc-
ture with pain sensing nerve fibers innervating the outer one-
third layer. Microtrauma, annular tears, and disk degeneration
may allow the release of inflammatory mediators, which are
irritating to the surrounding structures. The risks for disk dis-
ruption are prolonged sitting, repetitive impact loading, and
twisting. Athletes seem to be at risk compared to nonathletes.
For example, 75% of male gymnasts have been reported to
have signs of disk degeneration, compared to 30% of age-
matched controls.!** Patients complain of axial low back pain.
The diagnosis is made with MRI, diskography or CT-diskog-
raphy. Treatment is controversial. Some promote nonoperative
therapy, others surgical intervention. Nonoperative techniques
include basic spine rehabilitation protocols and experimental
interventional techniques to treat axial low back pain, which
include the use of epidural steroid injections, intradiskal ste-
roid injections, and intradiskal electrothermal therapy.!” The
operative management of degenerative disk disease involves
fusion by a variety of techniques, or experimental interverte-
bral disk replacement technologies.!”

Zygapophyseal Pain

The zygapophyseal joint, also known as the facet joint, has
been said to be a source of pain for 15% to 40% of patients
with chronic low back pain. However, there are several spi-
nal structures that may contribute to axial low back pain. A
definitive diagnosis of lumbosacral facet joint syndrome is
challenging to confirm. Facet joint arthropathy may arise from
degenerative or traumatic etiologies. Many athletes, such as
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American football players, experience repetitive forceful
lumbar hyperextension, which might be injurious to the facet
joints. The patient with facet joint syndrome typically presents
with axial low back pain that can refer to the buttocks. Certain
combined extension and rotation maneuvers can exacerbate
the pain. Facet joints are not directly palpable, but the palpa-
tory exam may have localized paravertebral pain unilaterally.
Plain radiographs do not reliably diagnose early facet joint
arthropathy (Fig. 4.34). Magnetic resonance imaging or CT
examinations will show facet joint degenerative changes more
exactly, but anatomic morphology does not correlate well with
pain. Medial-branch blocks, or intraarticular injections of the
facet joint with local anesthetic, using fluoroscopic guidance,
are currently used to help make the diagnosis. Each joint is
dually innervated. Medial branch blocks should address both
branches. If there is a significant positive response, longer
term relief may be obtained with radiofrequency ablation pro-
cedures. However, there is controversy regarding the effec-
tiveness of such interventional procedures to treat facet joint
arthropathy in the lumbosacral spine. While there is good sci-
ence to support their use in the cervical spine facet joints,'?
their use in the lumbosacral spine remains largely anecdotal.!’
Therefore, they may be attempted in patients with persistent
symptoms despite adequate nonoperative care. Otherwise the
treatment plan involves relative rest, medications, and progres-
sive exercise as symptoms dictate. For many athletes, such a
basic treatment plan works well.

Conclusion

Magnetic resonance imaging has revolutionized our under-
standing of the spine. It is the modality of choice to evaluate
soft tissue lesions, neurologic lesions, neoplasms, or infec-
tion. In most cases practically, MRI need not be the immediate
diagnostic study of choice. This is important because there are
many asymptomatic abnormalities seen with imaging. Patients
should understand that typical degenerative changes will be
spotted on their MRI examinations. However, when there is
specific clinical concern and the possibility of treatment alter-
ing decisions, MRI can be very helpful to detect structural
abnormalities of both the soft tissues (e.g., intervertebral disk)
and hard tissues (bone).
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A. Radiologic Perspective: Magnetic Resonance Imaging

of the Shoulder in Sports Medicine

Lynne S. Steinbach

The glenohumeral joint and surrounding structures that comprise
the shoulder are subject to multiple forms of insult including
impingement, tendon tears, labral tears, cartilage damage, and
arthritis. Clinical examination is the first line in the workup of
shoulder pain. Based on these observations, an algorithm is fol-
lowed that includes further workup to make the diagnosis and ends
in appropriate treatment. Radiographs are necessary for the initial
workup of shoulder pain. They can demonstrate joint space nar-
rowing, high riding shoulder (suggestive of large rotator cuff tears),
dislocation, subluxation, osteophytes, erosions, sclerosis, subchon-
dral cysts, abnormal bone density, and soft tissue ossification and
calcification. Beyond that, more sophisticated imaging studies
may be needed to make the diagnosis. Occasionally that may be
in the form of ultrasound or computed tomography (CT), but most
often it is magnetic resonance imaging (MRI) that is the next step
in the workup. Magnetic resonance imaging is able to evaluate the
osseous and soft tissue structures of the joint and its surroundings.
Magnetic resonance imaging can confirm clinical suspicions, show
related abnormalities throughout the joint, and suggest pathology
that was not clinically evident. This chapter discusses the capabili-
ties, pitfalls, and limitations of MRI for evaluation of the shoulder.

Indications for Shoulder Magnetic
Resonance Imaging in Sports Medicine

Shoulder MRI aids in the evaluation of many different shoul-
der disorders (Table 5.1). Knowledge of the extent of dam-
age can assist the referring clinician in deciding if the patient
needs physical therapy, conservative management, or surgi-
cal treatment. The following indications are discussed in this
chapter: shoulder instability, rotator cuff disease, bursitis,
sequelae of different forms of impingement, rotator interval
pathology, insult to the superior labrum and biceps tendon,
calcific tendinitis, and adhesive capsulitis.

Shoulder instability results in damage to the anterior, infe-
rior, and posterior labrum, the glenoid cartilage, the humerus
and glenoid, as well as the glenohumeral ligaments, capsule,
rotator cuff tendons, and biceps tendon. Rotator cuff disease

may include tendinosis and partial- and full-thickness tears.
Magnetic resonance imaging characterizes the degree of ten-
don pathology and displays tendon retraction and associated
muscle atrophy or fatty infiltration. It demonstrates abnormal
distention of the subacromial-subdeltoid (SA-SD) bursa or sub-
coracoid bursa. It can also show damage to the rotator interval,
located in the region devoid of tendons between the supraspi-
natus and subscapularis tendons. There may be synovitis, tears
of the superior glenohumeral and coracohumeral ligaments and
tendinosis, and subluxation or tears of the biceps tendon in this
region. Superior labrum anterior to posterior (SLAP) lesions
of the superior labrum are common in the athlete as well as in
young or middle-aged patients with microinstability or a fall
on an outstretched hand. Magnetic resonance imaging dem-
onstrates involvement of the superior labrum and the closely
associated biceps anchor. It also outlines the extent of damage
to the rest of the labrum and glenohumeral ligaments in these
cases. The biceps tendon can be assessed by MRI from the gle-
noid anchor, through the top of the glenohumeral joint, and into
the intertubercular groove. It undergoes tendinosis, partial- and
full-thickness tearing, as well as subluxation and dislocation in
the groove, related to complex etiologies that will be discussed.
Osteochondral injuries of the glenoid and humeral head, pure
cartilaginous injury, occult fractures, intraarticular bodies,
synovitis, and adhesive capsulitis are also well seen on MRI.
Sequelae of accompanying nerve damage in the form of direct
neural compression as a result of paralabral cysts or as a result
of nerve traction caused by shoulder dislocation or traumatic
stretching as well as neuritis can be seen on MRI. Abnormali-
ties of the suprascapular nerve tend to affect the supraspinatus
and infraspinatus muscles, and the disorders of the axillary
nerve affect the teres minor and deltoid muscles.

Technical Considerations
It is important to understand the components that influence

MRI quality. In this section several of these components are
discussed: magnetic field strength, coil selection, patient
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TABLE 5.1. Indications for shoulder magnetic resonance imaging in
sports medicine.

Shoulder instability

Rotator cuff pathology

Bursitis

Sequelae of different forms of impingement
Rotator interval disorders

Adhesive capsulitis

Biceps tendon pathology
Acromioclavicular (AC) joint abnormalities
Osteochondral injury

Occult fractures

Intraarticular bodies

Denervation

positioning, imaging planes, and pulse sequences. The use of
direct and indirect magnetic resonance arthrography (MRA)
will also be addressed.

Magnetic Field Strength

In general, as the magnetic field strength increases, there is a
linear increase in the signal-to-noise ratio (SNR) and contrast-
to-noise ratio (CNR). The increased SNR results in shorter
acquisition times and thinner slice thickness. This reduces
the risk of patient motion and increases spatial resolution.
The increased CNR determines the extent to which adjacent
structures can be distinguished from one another, as well
as determining the general conspicuity of lesions on MRI
studies. Clinical MRI is done on units ranging between 0.2
and 3 tesla (T). Low-field imaging tends to be below 0.5T.
Between 0.5 and 1.0T there is midfield imaging. High-field
imaging is above 1.0T.

High-field imaging is preferred for shoulder imaging.
Although one cannot use the extremity magnets for shoul-
der MRI, low-field imaging is also an option. Unfortunately,
with low-field imaging there are significant limits in pulse
sequences, SNR, and CNR. Since imaging time has an
inverse relationship to field strength, low-field units take a
significantly longer time for imaging, increasing the chance
for motion artifact. Open MRI units that have a field strength
between 0.2 and 1.0T are an alternate option to the more
confining high-field-strength closed-bore units for claustro-
phobic patients in place of antianxiety medication. The low-
field magnet is also attractive from an economic standpoint,
costing less to purchase and maintain, reducing the cost per
imaging study. It demonstrates large labral and rotator cuff
tears as well as bursitis and marrow edema, but more subtle
abnormalities including small full-thickness or partial rota-
tor cuff tears as well as labral tears are difficult to detect.
For this reason, MRA may be useful for low-field MRI of
the shoulder.

A prospective study comparing low-field- and high-
field-strength imaging of rotator cuff and labral pathology
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suggested that diagnostic accuracy for small lesions of the
rotator cuff and labrum encountered with low-field-strength
studies was less than that of high-field-strength studies and
could be enhanced by the addition of intraarticular injection
of a gadolinium-based contrast material in conjunction with
MRI.! The disadvantages of noncontrast low field shoulder
MRI have been confirmed in several studies. One study pro-
spectively evaluated a patient population with rotator cuff
and labral pathology.? The study design included imaging at
low field strength (0.2 T) and at high field strength (1.5T)
with arthroscopy as the gold standard in the same patient
population. Contrary to other studies, these authors found
that high-field-strength units allow more accurate interpre-
tation than their low-field-strength counterparts, affecting
clinical treatment. Earlier, two retrospective studies compar-
ing diagnostic accuracy and sensitivity of low-field- versus
high-field-strength systems found no significant differ-
ence in sensitivity, specificity, and accuracy for rotator cuff
and labral lesions. These two studies were retrospective
in nature and were performed in less ideal circumstances,
comparing two different sets of patients, one imaged on a
low-field-strength system, the other on a high-field-strength
system.?

Coil Selection

It is important to image the glenohumeral joint with a dedi-
cated shoulder coil. The choice of coil depends on the manu-
facturer and field strength of the magnet. Coils are available
either from the manufacturer or a subcontractor. Challenges
that affect shoulder MRI include inherent off-center magnet
placement of this joint with reduction in the SNR and less
homogeneous fat suppression.

Patient Positioning

Standard high-field-strength magnets offer limited alterna-
tives for patient positioning when imaging the shoulder. The
small-bore size and circumferential gantry of most closed sys-
tems necessitate that the shoulder be imaged with the patient
in the supine position, with the arm extended along the side.
Hand position may be neutral (thumb pointing upward) or
externally rotated during imaging of the shoulder.®® Internal
rotation of the shoulder is not advocated for routine imaging
since there is overlap between the supraspinatus and infraspi-
natus tendon.’

Additional provocative positions can aid in further evalu-
ation of shoulder structures in certain situations, such as the
abduction and external rotation (ABER), adduction internal
rotation (ADIR), and traction positions. These maneuvers
can be done after the rest of the study, preferably with MRA.
The ABER position is used primarily during MRA to bring
out subtle tears of the anteroinferior labrum, such as Perthes
lesions. This position also opens the articular surface of the
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supraspinatus and infraspinatus tendons.!®!! Patients with
instability and suspected internal impingement can benefit
from this assessment. The ABER position has the potential
to demonstrate scapulohumeral imbalance and decentering of
the humeral head relative to the glenoid fossa. Decentering can
occur in traumatic or atraumatic instability as well as gleno-
humeral osteoarthritis. Subtle shoulder subluxation not dem-
onstrated with the arm at the patient’s side may be revealed
in this position. To attain the ABER position, the palm of the
hand is placed behind the head and neck of the supine patient.
A coil is placed anteriorly over the region (Fig. 5.1). Coronal
scout images demonstrate the humerus and glenoid. Cursors
are drawn parallel to the long axis of the humerus (Fig. 5.2)
to obtain oblique axial images of the glenohumeral joint (Fig.
5.3). More superior images are identified by the presence of
the biceps tendon (Fig. 5.4). Below these images one will see
the posterior superior labrum and mid-anterior labrum. The
supraspinatus is seen demonstrated on the higher images.
Inferiorly, further away from the biceps, the anterior inferior
labrum and infraspinatus are identified (Fig. 5.5).

The newly described ADIR positioning is more limited in
scope but can be used to evaluate anterior labroligamentous
periosteal sleeve avulsion (ALPSA) lesions of the anterior
inferior labrum. ' In this position, the hand of the affected arm
is placed behind the back (Fig. 5.6).

The diagnosis of SLAP lesions is improved with arm trac-
tion.!* The wrist is pulled with a 3-kg nonferromagnetic weight
that separates the torn labrum from the glenoid (Fig. 5.7).

Kinematic imaging is possible on a clinical MR unit.
Internal and external rotation of the shoulder is used to
assess anterior and posterior labral tears, respectively, and
for assessment of subcoracoid impingement.'*'* An open
magnet allows for dynamic abduction external rotation of

|

F1G. 5.1. Abduction and external rotation (ABER) positioning. The
hand is placed behind the head of the supine patient. In this example,
a flex coil is located anteriorly.
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FiG. 5.2. An ABER scout. A localizer for oblique axial images for
the ABER images represents a coronal scout of the area with cursors
aligned along the long axis of the humerus. This results in oblique
axial images of the glenohumeral joint.

FiG. 5.3. ABER orientation. ABER positioning results in oblique axial
images along the glenoid. A, the superior portion of the glenoid, near the
biceps anchor and supraspinatus tendon. It also includes the posterosu-
perior labrum. B, the midportions of the anterior and posterior labrum
and the junction between the supraspinatus and infraspinatus tendons.
C, the anterior inferior portion of the glenoid and the infraspinatus and
teres minor tendons. (From Steinbach et al.,” with permission.).
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F1G. 5.4. Normal superior ABER MRI. ABER oblique axial image
obtained in the superior portion of the glenoid labrum demonstrates
the landmark biceps tendon (long white arrow), as well as the smooth
undersurface of the supraspinatus tendon (black arrow) and superior
glenoid cartilage and labrum (short white arrow).

FiG. 5.5. Normal inferior ABER MRI. ABER oblique axial image
obtained in the inferior portion of the glenoid labrum demonstrates
that anterior inferior labrum being pulled by the inferior glenohu-
meral ligament (white arrow). The undersurface of the infraspinatus
tendon is also visualized (black arrow).
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the shoulder. The question remains as to the value of these
additional sequences during clinical imaging time.'":!8

Imaging Planes and Pulse Sequences

Many different MR pulse sequences have been used to evalu-
ate the glenohumeral joint. Sequence protocols depend on the
available MR equipment. Fat suppression, desirable for some
musculoskeletal imaging to increase lesion conspicuity and
to distinguish high signal intensity fluid or contrast from fat,
is not always available on older and lower field equipment.
Choice of pulse sequences include fast spin echo (FSE) (Gen-
eral Electric) sequences, with equivalent sequences on other
scanners—fast low angle shot (FLASH) (Siemens), turbo
spin echo (TSE) (Philips), with proton density (PD), and T2-
weighted technique with or without fat suppression. The FSE
images are typically obtained with a repetition time (TR) of
3000 to 5000ms and an echo time (TE) of 30 to 50ms. T1-
weighted images, gradient echo sequences, and short-tau inver-
sion recovery (STIR) imaging are classic spin echo sequences
that were the original sequences used on MRI. They take more
time and are mainly performed these days on lower field units
that cannot handle the faster protocols. Spin echo sequences
are generally obtained with a TR of 600 to 2000 ms and
an TE of 25 to 80ms. Each of these sequences has different
strengths and weaknesses. Our routine noncontrast General
Electric 1.5-T shoulder MR protocol is listed in Table 5.2.

Routine MRI of the shoulder is obtained in three orthogonal
planes. The protocol begins in the axial plane with images
extending from the top of the acromion through the inferior
margin of the glenoid. Routinely, an axial FSE PD-weighted
and fat-suppressed FSE T2-weighted sequence are both per-
formed in this plane. It is important to include the acromion
in patients over the age of 20 to assess for the presence of an
os acromiale. The axial plane also allows for evaluation of
the disk and cartilage of the acromioclavicular joint. The sub-
scapularis, infraspinatus, and teres minor muscles and tendons
are particularly well seen in this plane. The anterior and poste-
rior labrum and glenohumeral ligaments can be seen on axial
images, especially in the presence of an effusion or contrast.
The hyaline cartilage along the glenoid and humeral head are
also evaluated. If the patient has had previous surgery and it is
not known which type, one might also include a gradient echo
sequence to look for micrometallic foci that would lead to the
surgical bed (700/15; flip angle, 40 degrees) (Fig. 5.8).

To prescribe the oblique coronal plane, cursors can be
placed along the axis of the central supraspinatus tendon on the
axial images. Alternatively, for the technologist who is not as
informed about tendon anatomy, the scapular axis or a plane
perpendicular to the glenoid surface can be used to define
the oblique coronal plane. It is important to angle the coro-
nal images along the oblique coronal axis, so that the rotator
cuff muscles and tendons can be seen in continuity. Both T1-
and T2-weighted FSE sequences in the oblique coronal plane
are obtained from the region in front of the coracoid process
through the posterior musculature. The oblique coronal plane
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F1G. 5.6. Adduction internal rotation (ADIR) position is obtained by placing the patient in the supine position with the arm behind the back.
A shoulder coil is placed in front of the region. (From Song et al.,'* with permission.).

A

B

F1G. 5.7. Superior labrum anterior to posterior (SLAP) lesion with and without traction. Traction provides improved visualization of a SLAP
lesion. (A) There is nonspecific intermediate signal intensity in the superior labrum (arrow) without traction. (B) An image obtained in the
same labrum with traction demonstrates a definite tear with contrast entering the labrum (arrow). (From Chan et al.,"* with permission.).

TABLE 5.2. Routine shoulder magnetic resonance protocol (General
Electric 1.5T).

Plane/sequence TR TE ET Flip
3-plane location

1. Axial PD 2000 26 4

2. Axial T2 FS 3000 50 8

3. Cor T1 obl 600 20 4

4. Cor T2 obl FS 3000 50 8

5. Sag T2 obl FS 3000 50 8

6. Sag PD obl 2000 26 4

9. Axial MPGR (optional) 600 20 20
Cor, coronal; ET, ; ES, fat suppression; MPGR, ; obl, oblique; PD,

proton density; Sag, sagittal; TE, echo time; TR, repetition time.
Field of view (FOV) = 12-16cm

Slice thickness = 3-4 mm; no skip

NEX =3

Matrix = 224 x 256 up to 512 x 512 for high resolution

is helpful for evaluation of the supraspinatus, infraspinatus, and
teres minor muscles and tendons as well as the superior labrum,
acromioclavicular joint, deltoid muscle, and SA-SD bursa.
The bone marrow can be assessed using a combination of T1-
weighting and fluid-sensitive sequences.

An oblique sagittal plane is then selected perpendicular to
the oblique coronal images and parallel to the glenoid rim.
The field of view should include the acromion, the entire
humeral head, and the scapula. It is important to obtain this
sequence with a fluid-sensitive sequence to further evaluate
the rotator cuff muscles and tendons in cross section. I use both
a proton density and fat-suppressed T2-weighted FSE sequence
for this purpose. The muscles are well seen around the scapula
more medially. Further out into the periphery, the cuff tendons
predominate, forming a dark crescent over the humeral head.
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F1G. 5.8. Micrometallic foci from surgery appear as large low sig-
nal intensity dots in front of the biceps tendon and anterior labrum
(arrows) on this axial gradient echo image.

An increase in signal intensity representing degeneration,
inflammation, or a tear is appreciated on images obtained
with this orientation. Rotator interval tears are also well seen
in this plane. Oblique sagittal images also provide excellent
visualization of the intraarticular biceps tendon, acromion,
and SA-SD bursa.

When compared to spin echo imaging, FSE PD and T2-
weighted images have the advantage of increased spatial reso-
lution, improved SNR, and decreased imaging time.'** The
FSE sequences may be blurred, especially the PD sequences.
This can be minimized by adjusting the echo train length of
each FSE sequence to a particular MR unit.

Frequency-selective fat suppression differentiates fat from
fluid when using the FSE fluid-sensitive sequences; however,
the fat may not be completely saturated. This occurs because
of the bulk susceptibility artifact/magnetic field inhomogene-
ity related to the curved external surface of the shoulder. When
this happens, it is helpful to compare this sequence with the
T1-weighted sequence, in which fat is routinely high signal
intensity and fluid is low signal intensity. True fluid-like pathol-
ogy presenting as high signal intensity on fat-suppressed FSE
T2-weighted sequences would be low signal intensity on T1-
weighted images. Alternatively, a fast or regular inversion recov-
ery (STIR on General Electric units) sequence can be added that
shows fluid signal intensity without relying on frequency selec-
tive fat saturation. A disadvantage of STIR is that it does not
have as much signal to noise as FSE or spin echo sequences. It
also does not cover as large an area as the other sequences.

Magnetic Resonance Arthrography

Although high-resolution nonenhanced MRI has been shown
to have high accuracy rates for the demonstration of labral
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tears,”! direct MRA with intraarticular injection of a dilute
gadolinium solution has gained popularity during the last
decade because of its ability to distend the joint and outline
labral and capsular structures as well as the undersurface of
the rotator cuff.”>*® Because it costs more than routine MRI
and involves joint intervention and labor, we utilize MRA in
certain situations where it will give us more information than
the routine MRI. Indications are listed in Table 5.3.

For direct MRA, blind injection techniques without image
guidance have been shown to frequently result in extraarticu-
lar injections.?” Ultrasound-guided techniques can be used.?
Most radiologists prefer to inject the glenohumeral joint with
fluoroscopic guidance. Under sterile conditions, a 20- to 23-
gauge 6-to 7-cm-long (spinal) needle is advanced into the
middle to lower third of the glenohumeral joint along the medial
humeral head (Fig. 5.9). Care is taken to avoid the joint space
and glenoid to reduce the small risk of damaging the cartilage
and labrum. A standard anterior approach is often utilized,
although some institutions prefer to use the posterior approach

TABLE 5.3. Indications for magnetic resonance arthrography.

Under the age of 35 years

Shoulder instability

SLAP lesions

Joint bodies

Rotator interval pathology

Adhesive capsulitis

Postoperative shoulder

Solving question of partial- vs. full-thickness rotator cuff tear

FI1G. 5.9. Arthrogram injection under fluoroscopy. During an arthro-
gram, the needle is positioned at the junction of the middle and infe-
rior third of the humeral head. Note iodinated contrast within the
joint (arrow).
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when evaluating the anterior labrocapsular structures.?** This
approach avoids injection into the subscapularis tendon, which
can mimic a tear. Another fluoroscopic approach that has been
recently described is through the rotator interval®! (Fig. 5.10).
This can be helpful in the obese patient since the distance to
the humeral head is less than to the lower glenohumeral joint.

In most practices, injectate is composed of dilute gado-
linium rather than pure saline. Dilute gadolinium has high
signal intensity on T1-weighting, distinguishing it from low
signal intensity joint fluid and other fluid-containing struc-
tures such as the SA-SD bursa and paralabral cysts. This
allows for evaluation of communication between the gleno-
humeral joint and these other compartments and extracapsu-
lar tissues. Use of dilute gadolinium also shortens protocols
by using T1-weighted fat-suppressed sequences, which have
high signal-to-noise and contrast. Shoulder movement is less
of a problem when the sequence is shorter. Up to 12cc of a
dilute gadolinium mixture is usually injected into the joint.
I prefer to inject a small amount (2cc) of iodinated contrast
first to ensure intraarticular location of the needle tip before
injecting a dilute gadolinium mixture with a ratio of 1:200 to
1:250 gadolinium to saline (approximately 2 mmol/L). lodin-
ated contrast can be substituted for some of the saline in this
mixture if the user wants to see the contrast in the joint by
fluoroscopy. Occasionally this can be helpful if the patient
becomes claustrophobic in the MR scanner and the study
is aborted. Additionally, being able to monitor the flow of
contrast into the joint with iodinated contrast added to the
mixture prevents extravasation of fluid from the joint during
injection. The small amount of gadolinium used for the direct
MRA injection is drawn from a larger commercially available

Fi1G. 5.10. Rotator interval injection under fluoroscopy. For an arthro-
gram injected through the rotator interval, the needle is placed along
the superomedial aspect of the humeral head.
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vial of gadolinium. This adds some cost to the procedure. One
could potentially use the same bottle of gadolinium for up to
3 days if sterile techniques are used.* Epinephrine (1/1000)
is added to this mixture in the amount of 0.3cc/20cc dilute
contrast to avoid loss of injected contrast if there is a delay of
over 1 1/2 hours.

Protocols for MR arthrography vary widely. A sample pro-
tocol is shown in Table 5.4. The rationale for this protocol is as
follows: We obtain fat-suppressed T1-weighted axial, oblique-
coronal and oblique sagittal sequences to evaluate the labral
and capsular structures. Fat-suppressed FSE proton density
or T2-weighted oblique-coronal and sagittal sequences are
helpful for detecting rotator cuff tears that do not contact the
articular surface, paralabral cysts, bursitis, cartilage, and mar-
row and muscle processes with long T2 relaxation times such
as contusions and strains. A non—fat-suppressed T1-weighted
oblique coronal sequence is also added so that fatty infiltra-
tion of muscles and marrow content can be assessed. Muscle
quality is important for determining prognosis and treatment.
Many centers also add an abduction external rotation oblique
axial fat-suppressed T1-weighted sequence at the end of the
study if the patient is able tolerate this position. As mentioned
previously, this provocative maneuver pulls on the anterior-
inferior glenohumeral ligament and labrum, enabling detection
of anterior-inferior labral avulsions and tears as well as subtle
undersurface tears of the rotator cuff.!'® Also noted previously
in this chapter is the newly described provocative position of
the glenohumeral joint in internal rotation, the ADIR position.
This has been advocated as a way to best evaluate anterior
labroligamentous periosteal sleeve avulsion (ALPSA) lesions
of the anterior inferior labrum.'

Complications of direct MR arthrography are rare. They
include infection, bleeding, allergy, and postprocedural pain.
Gadolinium is an uncommon allergen, although mild to severe
reactions have been reported. A known allergy to iodinated
contrast or anesthetic requires premedication or removal of
the substance from the injection. Vasovagal reactions and

TABLE 5.4. Shoulder magnetic resonance arthrography
Protocol (General Electric 1.5T).

Plane/sequence TR TE ET
3-plane location

1. Axial T1 600 20 4
2. Cor T1 Obl 600 20 4
3. Cor T2 Obl 3000 50 8
4. Sag T2 Obl 3000 50 8
5. Axial T2 3000 50 8
6. Cor obl T1 600 20 4
7. ABER T1 600 20 3
ABER, abduction and external rotation.

FOV = 12-14

Slice thickness = 3—4 mm; no skip

NEX =3

Matrix = 224 x 256 up to 512



164

Fic. 5.11. Indirect MR arthrogram. On this fat-suppressed T1-—
weighted indirect MR arthrographic image, high signal intensity
intravenous gadolinium extends into the glenohumeral joint (thick
white arrow) and into a SLAP lesion (black arrow) with extension
around a multiloculated paralabral cyst (thin white arrow).

nausea are sometimes present during intraarticular injections,
while infection and bleeding are unusual.** Joint pain is often
encountered a few hours after the procedure and may last for
up to 72 hours, It is most likely related to injected contrast and
joint distention.**

Some centers are using intravenous (indirect) MRA to
evaluate the shoulder for instability.>>%53¢ A standard intrave-
nous injection of gadolinium is injected approximately 10 to
20 minutes prior to the MR examination followed by imaging
with a protocol identical to that of the direct MRA (Fig. 5.11).
This technique does not require fluoroscopy or intraarticular
injection, thus increasing patient acceptance. The gadolinium
outlines the labrum and undersurface of the tendons. A major
disadvantage of this technique is a lack of joint distention if
there is no preexisting effusion. It is also more difficult to be
certain about the significance of sites of contrast enhancement
since intravenous contrast flows to vascularized tissues, includ-
ing the subacromial subdeltoid bursa, labral base, and degener-
ated or vascularized portions of the tendons of the rotator cuff.

Shoulder Instability

The most unstable joint in the body, the glenohumeral joint
is subject to subluxation and dislocations. During the last
decade, MRI has enabled direct visualization of many of the
lesions related to instability, aiding in diagnosis as well as
therapeutic planning and follow-up.

A. Radiologic Perspective: Magnetic Resonance Imaging of the Shoulder in Sports Medicine

Shoulder Anatomy Related to Instability

Currently the entire capsular mechanism is believed to be
important in the development of instability. The most impor-
tant of these structures are the glenoid labrum, the fibrous
capsule, the glenohumeral ligaments, the rotator cuff tendons,
and the coracoacromial arch. The anterior complex includes
the supraspinatus muscle and tendon, subscapularis muscle
and tendon, rotator interval between the supraspinatus and
subscapularis, anterior capsule, glenohumeral ligaments,
synovial membrane, and the anterior labrum and osseous gle-
noid. The posterior complex includes the infraspinatus muscle
and tendon, teres minor muscle and tendon, posterior capsule,
synovial membrane, posterior labrum, and osseous glenoid.

Normal Labrum and Anatomic Variants

The fibrous connective tissue labrum is an important structure
that stabilizes the shoulder joint. It deepens the shallow gle-
noid fossa, increasing the contact area for the humeral head.
The intact labrum also acts as a pressure seal, allowing nega-
tive pressure to occur within the shoulder joint during motion,
aiding in the dynamic stabilization of the joint. In addition, the
labrum serves as an anchor for some of the glenohumeral liga-
ments as well as the long head of the biceps tendon.

The usually low signal intensity labrum lies on hyaline
articular cartilage that is of intermediate signal intensity on
T1- and T2-weighted MRI (Fig. 5.12). The cartilage dem-
onstrates intermediate signal intensity on FSE images and
increased signal on gradient echo images obtained with a
flip angle of 30 degrees or less. The hyaline cartilage can be

F1G. 5.12. Normal anterior and posterior labra. The normal anterior
(black arrow) and posterior labra (white arrow) are low signal trian-
gular structures attached to the intermediate signal intensity hyaline
cartilage on this fat-suppressed T1-weighted magnetic resonance
arthrogram (MRA).
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deficient either at or near the center of the ovoid glenoid fossa,
aregion referred to as the bare area.’” The labrum can be trian-
gular or round, as well as anteriorly cleaved, notched, or even
absent in asymptomatic individuals.?%

Absence of the anterosuperior labrum may be congenital,
and this has been termed the Buford complex. This variant of
normal seen in 1% to 2% of shoulder arthroscopies and is asso-
ciated with a “cord-like” middle glenohumeral ligament**+
(Fig. 5.13). Another labral variant seen in 11% to 15% of shoul-
ders in the anterosuperior region of the glenoid labrum is the
sublabral foramen.*’ This foramen or hole is seen at the base of
the anterosuperior labrum and is associated with a “cord-like”
middle glenohumeral ligament in 75% of cases® (Fig. 5.14).
One should not mistake the cord-like middle glenohumeral
ligament for a labral detachment. Although not common, both
the Buford complex and the sublabral foramen can extend into
the anterior inferior portion of the labrum.* In addition, it is
interesting to note that a sublabral foramen is usually accom-
panied by a sublabral recess in the superior labrum.

The sublabral recess is a normal recess that can exist
between the superior labrum and the glenoid articular
cartilage.* This anatomic variant is smooth, 1 to 2mm in
width, and does not extend to the top of the labrum (Fig. 5.15).
It is not associated with a paralabral cyst, as are some superior
labral tears. Although many have written that this recess does
not extend posterior to the long head of the biceps attachment
to the superior labrum,*” it has been our experience and that of
others that this recess can do so in the absence of a tear.”®
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FiG. 5.14. Sublabral foramen. A fat-suppressed T1-weighted axial
image from an MR arthrogram shows that the anterior superior
labrum is separated from the glenoid by a normal variant termed a
sublabral foramen (arrow).

FI1G. 5.13. Buford complex. A fat-suppressed T1-weighted axial image
from an MRA shows that the anterior-superior labrum is absent, con-
sistent with a normal variant termed the Buford complex. This is asso-
ciated with a cord-like middle glenohumeral ligament (arrow).

F1G. 5.15. Sublabral recess. A T1-weighted coronal image from an
MRA shows a recess at the base of the superior labrum consistent
with a normal variant (arrowhead).
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Glenohumeral Ligaments

The superior, middle, and inferior glenohumeral ligaments
are infoldings of the capsule that provide shoulder stability.
The superior glenohumeral ligament (SGHL) originates at the
superior glenoid tubercle anterior to the insertion of the long
head of the biceps tendon and inserts into the fovea capitis line
just superior to the lesser tuberosity of the humerus. It is best
seen on axial images obtained directly beneath or adjacent to
the origin of the long head of the biceps tendon. The SGHL
lies just medial and parallel to the coracoid and is located in
the rotator interval, just underneath the extraarticular coraco-
humeral ligament (CHL) (Fig. 5.16). The SGHL and CHL
together form a sling around the intraarticular portion of the
biceps tendon in the rotator interval.

The middle glenohumeral ligament (MGHL) has a vari-
able origin from the glenoid, scapula, anterior labrum, biceps
tendon, inferior glenohumeral ligament, or superior gleno-
humeral ligament.* It attaches to the anterior aspect of the
proximal humerus just below the attachment of the SGHL. It
can be absent in up to 27% of individuals.*° Absence of this
ligament is not associated with increased incidence of insta-
bility, but the subscapularis recess may be enlarged and the
inferior glenohumeral ligament usually originates more supe-
riorly than when the MGHL is absent. The MGHL merges
with the subscapularis tendon as it inserts on the lesser tuber-
osity of the humerus. This ligament is usually seen en face on
axial images as it takes an oblique course from the glenoid to
the subscapularis tendon (Fig. 5.17). It lies in a linear fashion
in front of the glenoid on oblique sagittal images (Fig. 5.18).
Occasionally this ligament can be duplicated, simulating a
longitudinal tear and cleavage.

F1G. 5.16. Normal superior glenohumeral ligament. A fat-suppressed
T1-weighted axial image from an MRA demonstrates a normal supe-
rior glenohumeral ligament (SGHL) parallel and mesial to the cora-
coid process (arrow).

A. Radiologic Perspective: Magnetic Resonance Imaging of the Shoulder in Sports Medicine

FiG. 5.17. Normal middle glenohumeral ligament axial view. The
middle glenohumeral ligament (MGHL) is seen in front of the ante-
rior labrum (arrow) on this axial fat-suppressed T1-weighted image
from an MRA.

Fic. 5.18. Normal MGHL sagittal view. A fat-suppressed T1-
weighted sagittal image from an MRA shows a normal linear MGHL
anterior to the glenoid (arrows).
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The inferior glenohumeral ligament (IGHL), considered
the most important stabilizer of the glenohumeral joint, is a
complex that originates at the middle to inferior portion of the
anterior glenoid labrum. It drapes for a variable distance from
anterior to posterior and inserts on the anatomic neck of the
humerus (see Fig. 5.19, below). This ligament is inseparable
from the labrum, forming a labroligamentous complex. It is
composed of strong collagenous thickenings at its anterior and
posterior margins—the anterior and posterior bands, joined by
a fibrous thickening of the capsule called the axillary pouch
or recess (Fig. 5.19). The IGHL functions as a sling to support
the humeral head and prevents abnormal anterior and poste-
rior instability. It reinforces the anterior capsule between the
subscapularis muscle and the inferior aspect of the glenoid at
or near the origin of the long head of the triceps.

The glenohumeral ligaments are best assessed in the
presence of capsular distention, which is produced if there
is a large amount of joint fluid or contrast in the shoulder
joint.*643152 The addition of ABER or ADIR postioning
optimizes visualization of portions of the labroligamentous
complex including the anterior labrum and inferior glenohu-
meral ligament.%1012

F1G. 5.19. Normal inferior glenohumeral ligament. The inferior gle-
nohumeral ligament (IGHL) spans from the anterior inferior labrum
(arrowhead) to the anatomic neck of the humerus (arrow) on this
image from a fat-suppressed axial T1-weighted MRA.
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Labral Tears Associated with Anterior
Glenohumeral Instability

Tears of the labrum are common in athletes with instability,
especially in sports that require forceful and repetitive abduc-
tion and overhead rotation of the humerus. Arthro—computed
tomography (Artho-CT) and MRI have been utilized to evalu-
ate the capsular and labral structures.™¢ Due to limited soft
tissue contrast, arthro-CT is too weak for evaluation of inter-
nal characteristics of tissues including tendon degeneration;
intrasubstance tears of the tendons, ligaments, and fibrocar-
tilage; and bone marrow pathology. These days, arthro-CT is
usually reserved for patients who cannot undergo MRI due to
contraindications such as the presence of a cardiac pacemaker.
Some countries that do not have much access to MRI also still
rely on arthro-CT for this assessment.

Studies using conventional (unenhanced) MRI in the
evaluation of glenohumeral instability have produced mixed
results in the detection of labral tears, with sensitivities and
specificities ranging from 44% to 100% and 66% to 95%,
respectively.?>"-%! Magnetic resonance arthrography has gen-
erally produced sensitivities of 86% to 91% and specificities
of 86% to 98%.2+3%62 Although controversial and related to
circumstance, many believe that labral tears are best evalu-
ated when there is a joint effusion or with MRA.?>526 High-
resolution MRI can also be of value for evaluating the labrum
when MRA is not available.*

It is best to use morphologic criteria such as absence, fray-
ing, detachment, displacement, or deformity to identify labral
tears. Fluid or contrast within the labral substance (if not one
of the described normal variants) is also a good indication of a
labral tear. Labral tears occasionally present on MRI as a focal
or diffuse increase in signal intensity extending to the surface
on all imaging sequences, but this is less reliable. Variations
have been seen in signal intensity in the labra using multi-
planar gradient echo sequences. We have found that some
of this may be attributable to the magic angle phenomenon,
which occurs on spin echo and gradient echo images when the
labrum lies approximately 55 degrees to the main magnetic
field on images obtained with a short TE. The transitional
zone between the labrum and the articular cartilage may have
areas of intermediate signal intensity beneath the labrum.®
Fibrovascular tissue, eosinophilic or mucoid degeneration,
synovialization, calcification, ossification, or combinations of
these tissue types can lead to alterations in signal intensity of
the labrum.*

Labrocapsular Lesions Associated with Anterior
Glenohumeral Instability

The anterior inferior labrum is the most frequently affected
site of labral pathology related to instability. Injury to the
anterior inferior labrum may demonstrate findings mentioned
above for routine tears of the labrum but often reach predict-
able patterns in the form of a Bankart, ALPSA, or Perthes
lesion. Sometimes one may see that these lesions change with
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time. For example, a Perthes lesion may turn into a Bankart
or ALPSA lesion.

The most common lesion resulting from an anterior dis-
location is the Bankart lesion. This represents an avulsion of
the labrum from the glenoid rim. The avulsed labrum is not
attached to the scapular periosteum (Fig. 5.20). The labrum may
be hemorrhagic, fragmented, or pulled away from the glenoid.

Neviaser® described a variant of the Bankart lesion known
as the ALPSA lesion. It represents an avulsion of the infe-
rior glenohumeral ligament complex from the anteroinferior
glenoid with an intact periosteum. The avulsed anteroinfe-
rior labrum displaces medially and rotates inferiorly along
the denuded anterior scapular neck (Fig. 5.21). These lesions
eventually heal in this medially displaced position, leading to
recurrent anterior instability because of persistent incompe-
tence of the inferior glenohumeral ligament labral complex.

The third variant in this location is termed the Perthes lesion,
named after a German physician who described it in the early
1900s.% This lesion is an avulsion of the anterior-inferior
labrum with an intact scapular periosteum. The Perthes lesion
is well visualized with abduction and external rotation of the
shoulder (Figs. 5.22 and 5.23).

Avulsion of the inferior glenohumeral ligament complex
from the humerus has also been described, and is termed a
humeral avulsion of the glenohumeral ligament (HAGL)
lesion.®”%® This latter injury is occasionally associated with a
tear of the subscapularis tendon and recurrent anterior insta-
bility. The HAGL lesion typically results from a first-time

F1G. 5.20. Bankart lesion. An axial T2-weighted MRI demonstrates
a Bankart lesion with the labrum separated from the glenoid (black
arrow) as well as a Hill-Sachs lesion along the posterior humeral
head (white arrow).

A. Radiologic Perspective: Magnetic Resonance Imaging of the Shoulder in Sports Medicine

FiG. 5.21. Anterior labroligamentous periosteal sleeve avulsion
(ALPSA) lesion. The anterior inferior labrum is medially displaced
with respect to the glenoid (arrow) and attached to the scapular perios-
teum on this axial fat-suppressed T1-weighted image from an MRA.

F1G. 5.22. Perthes lesion hidden on MRA. The anterior-inferior
labrum appears intact on this axial fat-suppressed T1-weighted
image from an MRA (arrow).
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F1G. 5.23. Perthes lesion (from Fig. 5.22) visualized with ABER posi-
tioning. Upon abduction and external rotation of the shoulder, the labrum
in Figure 5.22 demonstrates a defect at the base on a fat-suppressed
T1-weighted image (arrow). There is still labral attachment to scapular
periosteum. These findings are consistent with a Perthes lesion.

FI1G. 5.24. Humeral avulsion of the glenohumeral ligament (HAGL)
lesion. A coronal T1-weighted MR image from an arthrogram
reveals avulsion of the inferior glenohumeral ligament (IGHL) from
the humeral attachment (arrow).
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dislocation in persons older than 35 years of age.®® The HAGL
lesion is seen on axial images as a disruption at the humeral
neck attachment. On coronal MRI, the normal U-shape of the
anterior band of the IGHL looks like a J-shape when the ligament
is disrupted (Fig. 5.24). Sometimes a patient can avulse a bony
fragment along with the inferior glenohumeral ligament from
the humeral attachment. This bony HAGL injury is termed a
BHAGL lesion.” When the inferior glenohumeral ligament
is avulsed at the humeral and labral attachments, it is called a
floating anterior-inferior glenohumeral ligament (AIGHL).”
Occasionally the inferior glenohumeral ligament can tear in
midportion and not at either attachment. It has been noted that
one can have an avulsion of the inferior glenohumeral ligament
at the glenoid attachment without tearing the anterior-inferior
labrum. This is known as the anterior ligamentous inferior
periosteal sleeve avulsion (ALIPSA) lesion.

Although not related to instability, a glenolabral articular
disruption (GLAD) is a superficial tear of the anteroinferior
labrum that is accompanied by fibrillation and erosion of the
adjacent articular cartilage’” (Fig. 5.25). It results from a
forced adduction injury to the shoulder with the arm in abduc-
tion and external rotation. The GLAD lesion can progress to
rapid degenerative joint disease and loose bodies.

Posterior Glenohumeral Instability

Posterior labral and capsular tears are less common than ante-
rior ones and are usually seen in association with posterior or
multidirectional instability. Similar to the anterior labral tears,
posterior tears present with absence, morphologic distortion, or
contrast or fluid extending into the substance of the labrum.

F1G. 5.25. Glenolabral articular disruption (GLAD) lesion. A cartilage
defect is seen at the base of the torn anterior labrum on this fat-
suppressed axial T2-weighted MRI (arrow).
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A particular type of posterior labral tear is the posterior labro-
capsular periosteal sleeve avulsion (POLPSA) injury.”*" This
lesion is an avulsion of the attachment of the posterior capsule
and the periosteum, resulting in a patulous recess posteriorly
(Fig. 5.26). It may represent an acute Bennett lesion. The
Bennett lesion is an extraarticular posterior capsule avulsive
injury caused by traction of the inferior glenohumeral liga-
ment during the deceleration phase of pitching.”®”” It usually
occurs in patients with overhead-overuse activity. This lesion
is associated with posterior labral injury and posterior under-
surface type 1 and 2 tears of the rotator cuff. The patient may
develop crescentic mineralization adjacent to the posterior-
inferior osseous glenoid and sclerosis of the posterior glenoid
(Fig. 5.27). The mineralization may occasionally be identified
on MRI but is better seen on axillary radiographs and CT.

A posterior HAGL lesion can also be seen following pos-
terior dislocation.”®™ This is often caused by a posteriorly
directed force on an abducted shoulder. It may also be related
to microinstability. Bony avulsion of the inferior glenohumeral
ligament is termed the posterior BHAGL lesion. Fluid may be
seen between the infraspinatus muscle and the scapula, sug-
gesting a capsular tear.

Additional Abnormalities Associated with Instability

The rotator cuff tendons may also be affected by instability
through a secondary extrinsic impingement mechanism, so it
is important to evaluate them carefully in these patients. The
anteriorly unstable humeral head produces narrowing of the
coracoacromial outlet, leading to rotator cuff pathology. This
mimics primary impingement and should be evaluated, partic-
ularly in the younger patient (adolescent and young adult) who
is more likely to have instability rather than impingement.

X

F1G. 5.26. Posterior labrocapsular periosteal sleeve avulsion (POLPSA)
lesion. There is a periosteal sleeve avulsion of the posterior labrum on
this fat-suppressed axial T1-weighted MRA (arrow).

A. Radiologic Perspective: Magnetic Resonance Imaging of the Shoulder in Sports Medicine

FI1G. 5.27. Bennett lesion. A low signal intensity crescentic ossifica-
tion lies posterior to the glenoid on this fat-suppressed T1-weighted
image from an MRA (arrow).

Tears of the subscapularis tendons are often associated with
anterior or posterior dislocation. Tears of the teres minor and
infraspinatus tendons can be seen more frequently with
posterior dislocation.*

Other abnormalities that can be seen with instability include
subluxation or dislocation of the humeral head and compres-
sion fractures of the humeral head. Subluxation or dislocation
are well demonstrated on axial MRI. Provocative maneuvers
such as the abduction external rotation postioning of the shoul-
der have the potential to bring out subtle subluxation. Osseous
lesions including the Hill-Sachs lesion of the humeral head and
the Bankart lesion of the anterior-inferior glenoid rim may be
better seen on MRI than on conventional radiographs.?' The
Hill-Sachs lesion manifests as a depression along the postero-
lateral aspect of the humeral head superiorly in the top 2cm
usually above the level of the coracoid (Fig. 5.28). It is seen
in approximately 75% of patients with anterior instability.
On MRI, there often is abnormal signal intensity within the
marrow indicative of acute trauma (contusion) that will not
be detected by CT. In Workman et al.’s® series, MRI was 97%
sensitive, 91% specific, and 94% accurate for detecting Hill-
Sachs lesions. It was also found to be superior to arthroscopy
in detecting Hill-Sachs lesions. One must be careful not to
overcall a Hill-Sachs lesion when there are cysts or erosions
in the same area. Symptomatic cystic change in this area has
been seen at the infraspinatus attachment in pitchers. Many
other patients have asymptomatic cysts or vessels in this
location.®> Also there is a normal anatomic groove located
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posterolaterally on the humeral head that should not be con-
fused with a Hill-Sachs lesion.®* This groove can be distin-
guished from the Hill-Sachs lesion by its location along the
long axis of the humerus. It usually lies at least 20 mm distal
to the top of the humeral head, while the Hill-Sachs lesion
is usually located in the first 18 mm of the proximal humeral
head. The lesion related to posterior superior glenoid impinge-
ment (PSGI) may be difficult to distinguish from a Hill-Sachs
lesion. This syndrome is often described in truck drivers and
throwing athletes as well as others who repeatedly place the
shoulder in abduction and external rotation.®*%" This position
causes anterior subluxation of the humerus with impinge-
ment of the humeral head against the posterosuperior labrum,
resulting in posterosuperior labral damage as well as a defect
in the humeral head that may be similar to a Hill-Sachs lesion.
There is often associated disruption of the inferior aspect of
the supraspinatus and infraspinatus tendons. The history of
an absence of prior dislocation and associated abnormalities
discussed in the last section can aid in distinction between the
Hill-Sachs lesion and the PSGI lesion on the humeral head.

An osseous Bankart lesion is well seen on CT as a small
fragment of bone associated with irregularity of the adjacent
glenoid rim. On MRI, low signal cortical fragments or glenoid
deficiency are seen in all planes, but particularly on axial
images (Fig. 5.28). Very small osseous Bankart lesions may
be missed on MRI.

The osseous lesions associated with posterior instability
carry the familiar eponyms associated with anterior instability
except that the word reverse is added to them. A reverse

F1G. 5.28. Osseous Hill-Sachs and Bankart lesions following ante-
rior shoulder dislocation. Edema is present in the posterior-superior
humeral head consistent with a Hill-Sachs lesion (white arrow). A
glenoid fracture is present anteroinferiorly (black arrow) on this fat-
suppressed coronal T2-weighted image from an MRA.
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Bankart lesion refers to an impaction fracture of the posterior
glenoid resulting from a posteriorly dislocated humerus (Fig.
5.29). A reverse Hill-Sachs lesion results from an impaction
fracture of the anterosuperior humerus (Fig. 5.30). A defi-
ciency of the posterior glenoid rim has also been linked with
posterior instability.®® Avulsion of the lesser tuberosity may
also occur with posterior instability.

A unique subset of shoulder ganglion cysts has been
described that rise from glenoid labral tears.?” The mechanism
for formation of these paralabral cysts is similar to a meniscal
cyst with extrusion of joint fluid through labrocapsular tears
into adjacent tissue planes. The most common locations for
the labral cyst/tear complex are posterior (associated with a
posterosuperior labral tear) (Fig. 5.31) and superior (associ-
ated with a SLAP lesion). Extraarticular extension of the
labral cyst into the spinoglenoid notch or suprascapular notch
is common. Intraosseous extension can also occur in the bony
glenoid. When located adjacent to SLAP or posterior labral
lesions, these cysts can produce suprascapular nerve entrap-
ment, which is a cause of shoulder pain that can be evaluated
with MRL* In addition, cysts associated with inferior labral
tears can produce axillary nerve compression in the quadri-
lateral space.’! Anterior dislocation of the glenohumeral joint
may also damage the axillary nerve or its branches. In one

FiG. 5.29. Reverse Bankart lesion. A fat-suppressed T2-weighted
axial MRI displays high signal intensity within the glenoid and
overlying cartilage consistent with a compression fracture (arrow)
in a patient with multidirectional instability. A small paralabral cyst
extends from a posterior labral tear (arrowhead). The humeral head
is also posteriorly subluxed.
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FiG. 5.30. Reverse Hill-Sachs lesion. The concavity in the anterior
humeral head represents a compression fracture (black arrow) on this
fat-suppressed axial T1-weighted image from an MR arthrogram.
Notice the POLPSA lesion posteriorly (white arrow).

FiG. 5.31. Paralabral cyst. A multiloculated cyst (large arrow) lies
just above an extensive posterior labral tear (small arrows) on this
fat-suppressed sagittal T2-weighted MRI.

A. Radiologic Perspective: Magnetic Resonance Imaging of the Shoulder in Sports Medicine

series, 43% of patients with anterior shoulder dislocation
developed axillary nerve damage.*?

Lesions of the rotator interval have also been implicated
in posterior and inferior instability of the glenohumeral joint.
Stretching or interruption of the capsule of the rotator interval
produces increased anterior translation of the humeral head
at 60 degrees of flexion. Damage to this region is most com-
monly associated with enlargement or tearing from a shoulder
dislocation; however, some individuals with abnormalities in
the rotator interval do not have glenohumeral instability.”

Superior Labrum and Biceps Tendon

The long head of the biceps tendon originates through and is
continuous with the superior labrum. A superior labral tear
with anterior and posterior components of the tear relative to
the origin of the long head of the biceps is called a superior
labrum from anterior to posterior (SLAP) lesion.*** Identifi-
cation and classification of SLAP lesions by CT and MRI can
be challenging. These lesions can be seen by CT arthrography,”
but they are best seen on MRI and especially MRA, due to
improved soft tissue contrast (see Fig. 5.7, above). Magnetic
resonance imaging has demonstrated sensitivity of 41% to
98%, specificity of 86% to 100%, and accuracy of 63% to
95% in detection of SLAP lesions. This compares with MRA,
which has been shown to achieve 89% to 100% sensitivity,
69% to 91% specificity, and 74% to 92% accuracy.’®%7

One can evaluate the superior labrum and biceps tendon
in all three planes, with the tear most easily characterized in
the oblique-coronal and axial planes (Fig. 5.32). The SLAP
lesions are best demonstrated on MRI with the shoulder in
external rotation, which provides traction on the long head
of the biceps, enhancing the detection of imbibition of con-
trast, posterior and superior extent of the tear, and separation
at the site of the tear. The diagnosis of SLAP lesions is also
improved with arm traction.'® The wrist is pulled with a 3-kg
nonferromagnetic weight.

It is difficult sometimes to completely characterize the
lesions according to the various subtypes using MRI. The
main function of the MRI is to identify the lesions of the
superior labrum and biceps tendon. One should also look for
SLAP lesions when imaging in the abduction external rota-
tion (ABER) position. This provocative position may enhance
evaluation of the SLAP lesion by causing fluid to be further
pushed into the superior labrum.

The SLAP lesions can also be associated with paralabral
cysts. At times, these cysts may be the red flag that alerts the
radiologist to the underlying labral tear. They often lie medial
to the tear in the suprascapular notch and can produce entrap-
ment of the suprascapular nerve, which courses through this
region. Associated denervation changes may be identified in
the supraspinatus or infraspinatus muscles.

Fifteen percent to 25% of SLAP lesions are associated
with a full- or partial-thickness tear of the rotator cuff,
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FI1G. 5.32. Superior labrum anterior to posterior (SLAP) lesion. High
signal intensity gadolinium extends into the superior labrum (arrow)
consistent with a tear on this coronal fat-suppressed T1-weighted
image from an MRA.

anterosuperior impingement, anterior instability, humeral
head fracture, chondromalacia of the humeral head, and acro-
mioclavicular (AC) joint arthritis.”® It is especially important
to remember to carefully scrutinize the superior labrum and
biceps tendon in these situations.

Labral fraying and irregularity can be seen in asymptomatic
shoulders, often in patients of older age.*’ This appearance can
simulate a type I or II SLAP lesion. It is crucial to keep this in
mind and to correlate symptoms with the appearance on MRI.

It can be difficult to distinguish a SLAP lesion from the sub-
labral recess, the normal variant involving the superior labrum
that was described previously in this chapter. A type II SLAP
lesion may simulate a sublabral recess, which is located ante-
rior and inferior to the biceps tendon insertion of the superior
glenoid tubercle and has been seen in 19 of 26 (73%) cadaver
shoulders in one study.* Contrast material or fluid accumu-
lates in this area. This normal variant is smoothly marginated,
usually symmetric, and lacks imbibition of contrast into the
superior labrum. It usually does not extend posterior to the
long head of the biceps, but this is not a hard-and-fast rule. The
sublabral recess is distinguishable from a type III SLAP lesion
where fluid signal intensity extends into the substance of the
superior labrum, resembling a bucket-handle tear of the knee.
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F1G. 5.33. Biceps dislocation with subscapularis tendon tear. There
is medial dislocation of the biceps tendon (large black arrow) associ-
ated with a complete tear of the subscapularis tendon (white arrow)
on this axial gradient echo MRI. Note the empty bicipital groove
(small black arrow).

The sublabral recess and the Buford complex are frequently
associated with a cord-like middle glenohumeral ligament,
which should further distinguish them from a SLAP lesion.

The long head of the biceps tendon extends from the supra-
glenoid tubercle through the glenohumeral joint and into the
bicipital groove. As with all tendons, this tendon can undergo
tendinosis, and partial- and full-thickness tears anywhere along
its course. As described above, tears at the origin are common
with SLAP lesions. Biceps long head subluxation or dislocation
in the region of the rotator interval and biceps groove occurs
with injury to the soft tissue restraints including the supraspina-
tus tendon, rotator interval, and the superior subscapularis ten-
don (Fig. 5.33). Normal variants of the biceps tendon include
congenital absence, duplication, and mesenteric attachment.
The intraarticular biceps tendon is viewed in all three planes.
Sagittal images show the tendon in cross section and is best for
showing tendinosis and partial tears. Axial images are helpful
for evaluating the origin of the long head of the biceps and its
relationship to a sublabral recess or SLAP lesion. Axial images
also demonstrate biceps tendon subluxation and dislocation as
well as tears in the region of the bicipital groove.

Rotator Cuff

The rotator cuff complex is composed of the supraspinatus,
infraspinatus, teres minor, and subscapularis tendons and
muscles, along with the capsular covering between the supra-
spinatus and subscapularis known as the rotator interval.
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Rotator cuff tears are more common in association with
aging and impingement. Microtrauma and instability can also
be associated with rotator cuff tear. Although less common,
occult greater tuberosity fractures and complete subscapularis
tendon tears are seen on MRI following traumatic injury.

Rotator cuff disease may include tendinosis and partial-
and full-thickness tears. Magnetic resonance imaging charac-
terizes the degree of tendon pathology and displays tendon
retraction and associated muscle atrophy or fatty infiltration.
It demonstrates abnormal distention of the SA-SD bursa or
subcoracoid bursa. Magnetic resonance imaging can also show
damage to the rotator interval, located in the region devoid of
tendons between the supraspinatus and subscapularis tendons.
There may be synovitis, tears of the superior glenohumeral
and coracohumeral ligaments and tendinosis, subluxation, or
tears of the biceps tendon in this region.

Impingement

Sports injuries result from various forms of shoulder impinge-
ment. These include primary extrinsic, internal, subcoracoid,
and anterosuperior impingement. Supraspinatus muscle
hypertrophy, greater tuberosity fractures that are displaced or
surrounded by abundant callus, and scapulothoracic instability
also contribute to impingement. Each type of impingement is
associated with different clinical symptoms, pathology, and
treatment. This has been described in the clinical chapter. The
imaging of these disorders will be discussed individually in
this section.

Primary Extrinsic Impingement

Magnetic resonance imaging demonstrates abnormalities
associated with the primary extrinsic impingement syndrome.
This common form of impingement in young and middle-
aged athletes results in progressively painful compression of
the supraspinatus tendon, SA-SD bursa, and long head of the
biceps tendon between the humeral head and the cora-
coacromial arch.”

Although controversial, many believe that variations in
the architecture of the coracoacromial arch, including one or
more of the following, are related to this form of impingement;
osseous changes that can lead to primary extrinsic impinge-
ment include subacromial enthesophytes, and osteophytes
and capsular hypertrophy along the inferior aspect of the AC
joint.”1% Anteriorly hooked, anteroinferiorly and inferolater-
ally downsloping, and low-lying acromia are believed by some
researchers to predispose to impingement of the supraspinatus
tendon by narrowing the acromiohumeral distance.'"-1% Many
of these anatomic features may be present in asymptomatic
shoulders, and clinical correlation is imperative.!3+19-19 Addj-
tionally, the diagnosis of impingement is based on clinical crite-
ria, and therefore should not be made from static MRI studies.

An os acromiale can also predispose to impingement.!!
Careful preoperative imaging evaluation is necessary to exclude
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the presence of an os acromiale. This ossification center may
be difficult to find on conventional radiographs.!!'-!"* It is best
seen on an axillary view that displays the long axis of the acro-
mion. It can also be seen on an axial CT or on an MR study, in
which it is important to include high axial sections that dem-
onstrate the entire acromion (Fig. 5.34). The os acromiale is
easiest to identify in the axial plane, although it can usually be
noticed in all three planes, especially if it is larger. The clinician
should be careful not to miss the synchondrosis, which can
have an appearance similar to the neighboring AC joint. This
is especially easy to do on the oblique sagittal images. Mag-
netic resonance imaging has an advantage over conventional
radiographs and CT in that it can reveal underlying, frequently
associated rotator cuff tendon abnormalities.

Secondary injury that affects the supraspinatus tendon,
biceps tendon, and subacromial bursa from abnormalities of
the coracoacromial arch are best evaluated with MRI. Analysis
of signal intensity changes in the supraspinatus and biceps
tendons should be correlated with clinical findings. Focal
regions of intermediate or high signal intensity may be seen in
asymptomatic individuals because of degeneration rather than
inflammation or partial thickness tear.!!5-!17

The biceps tendon often becomes impinged by the coracoac-
romial arch right before it enters the bicipital groove. Neer®
has shown that a shallow or laterally placed bicipital groove
also exposes the long head of the biceps tendon to impingement
by the anterior third of the acromion, resulting in inflammation
or rupture of the intraarticular portion of the tendon. Fluid in
the biceps tendon sheath is often seen in asymptomatic indi-
viduals because this structure communicates with the gleno-
humeral joint. It can be difficult to diagnose tenosynovitis of
the biceps from an MRI since fluid naturally surrounds this

F1G. 5.34. An os acromiale is identified in the anterior aspect of the
acromion separated by the synchondrosis (arrows) on this axial T1-
weighted MRI.
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tendon. Multiple low signal intensity bands in the tendon
sheath are associated with tenosynovitis. With tendinosis, the
tendon may be increased in size and may concomitantly or
alternatively demonstrate internal high signal intensity on T2
weighting. This is common in the long head of the biceps right
before it enters the intertubercular groove. Sagittal images of
the biceps are best for assessment of this location. Partial-
thickness tears may be difficult to distinguish from tendinosis
if the tendon is not thinned, split, or irregular. The full-
thickness biceps tendon rupture is seen with discontinuity of
the tendon and several axial MRIs showing an empty intertu-
bercular groove.

A thickened or ossified coracoacromial ligament has been
associated with the extrinsic impingement syndrome.®* Some
believe that it is a cause of impingement,'!® whereas others
postulate that it is thickened as a result of alteration of the soft
tissue structures from the impingement process.!!? The criteria
for thickening of the ligament on MRI are somewhat subjective.
In one study, the coracoacromial ligament was considered to be
thickened when the major part of the ligament was smoothly or
irregularly enlarged or thicker than 2.0mm.!® This definition
was arbitrarily chosen by the study’s authors based on clini-
cal experience. There was a statistically significant association
between a thickened coracoacromial ligament and rotator cuff
tear in that study. An anatomic study of the coracoacromial
ligament demonstrated that the subacromial thickness can vary
from 2 to 5.6mm, with an average measurement of 3.9 mm.!%
Posttraumatic calcification or ossification of the coracoacromial
ligament is another rare cause of impingement.'?!

Internal Impingement

Internal impingement (also referred to as posterosuperior
glenoid impingement) of the glenoid rim can produce shoul-
der pain and can lead to partial-thickness tears of the under-
surface of the rotator cuff. This form of internal impingement
was first described by Walch et al.* and then Liu and Boyn-
ton® in overhead-throwing athletes; it has also been recog-
nized in nonathletes who frequently rotate the shoulder into
the extremes of abduction and external rotation.* The mecha-
nism that leads to this form of impingement involves superior
or posterosuperior angulation of the humerus with respect to
the glenoid. In this syndrome, the articular side of the rotator
cuff tendons and the greater tuberosity are compressed against
the posterosuperior glenoid labrum, resulting in partial-thickness
tendon tears, especially of the posteroinferior supraspinatus
and the infraspinatus, a degenerative tear of the posterior sur-
face of the posterior superior labrum or underlying glenoid,
and an osteochondral compression fracture in the region of the
greater tuberosity of the humeral head (which can simulate a
Hill-Sachs lesion) (Fig. 5.35). The inferior glenohumeral liga-
ment and adjacent labrum can also be injured. The tears can be
well seen on MRAs obtained in the ABER position.*” Treat-
ment has mixed results and is aimed at controlling extremes of
shoulder elevation and abduction external rotation by exercise
or surgery and at repair of the injured structures.!?
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FI1G. 5.35. Posterosuperior glenoid impingement. There is an articu-
lar-sided tear of the supraspinatus tendon (black arrowhead) as well
as a tear of the posterior superior labrum (white arrow) on this fat-
suppressed T1-weighted image from an MRA obtained with the gle-
nohumeral joint in abduction and external rotation.

More recently there has been some question as to the asso-
ciation of partial undersurface tears of the rotator cuff and
superior labral lesions with internal impingement. One study
found that these “kissing” lesions were not associated with
major sports activity.!® Therefore, it should not always be
assumed that an undersurface rotator cuff and posterosupe-
rior labral tear that are seen in the same patient are caused by
abduction and external rotation.

Coracoid Impingement

Subcoracoid impingement is an uncommon form of impinge-
ment that occurs when the coracoid-lesser tuberosity distance
narrows, encroaching upon the subscapularis tendon in the
vicinity of its attachment to the lesser tuberosity.!*!? Sub-
scapularis tendon tears result from this type of impingement.
Symptoms are produced with the humeral head in forward
flexion and medial rotation, which reduces the distance
between the coracoid and humerus. Narrowing of this distance
can be caused by congenital hypertrophy or elongation of
the coracoid or acquired conditions including coracoid or
lesser tuberosity fractures, glenoid osteotomy, and coracoid
process transfer during surgery.

Because the coracohumeral distance is narrowed in internal
rotation, it has been suggested that imaging of the glenohu-
meral joint be obtained in internal rotation when specifically
evaluating this form of impingement.'?® Although a distance
of 10.5 to 11.5 mm between the coracoid and humeral head is
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statistically significant, it is not a good predictor of subcoracoid
impingement. It is recommended that imaging play a supporting
role in this evaluation, with the confirmation of this disorder
remaining a clinical diagnosis.

Anterosuperior Impingement

Anterosuperior impingement (ASI) is a newly described form
of internal shoulder impingement caused by trauma or degen-
eration. It is responsible for some anterior shoulder pain in
middle-aged patients.'”’'? It is the result of an impingement of
the long head of the biceps and the subscapularis tendon with
the anterosuperior glenoid rim. It occurs in the region of the
biceps pulley, where the SGHL and the CHL merge together
around the biceps tendon and subscapularis tendon, resulting
from horizontal adduction and internal rotation of the arm.'?

There are four patterns of anterosuperior impingement!?’:
(1) isolated lesion of the SGHL, (2) SGHL lesion and a partial
articular-sided supraspinatus tendon tear, (3) SGHL lesion
and deep surface tear of the subscapularis tendon, and (4)
SGHL lesion and a partial articular-sided supraspinatus and
subscapularis tendon tears. The long head of the biceps tendon
is often involved, demonstrating synovitis, subluxation, dislo-
cation, and partial or complete tearing.

FiG. 5.36. Anterosuperior impingement. The coracohumeral and
superior glenohumeral ligament bicipital sling is disrupted around
the biceps tendon (white arrow) on this fat-suppressed sagittal MR
image from a shoulder arthrogram. There is also an intrasubstance
partial tear of the biceps tendon (black arrow) and enlargement of
the rotator interval around the biceps. These are all consistent with a
clinical history of anterior superior impingement.
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Lesions of the long head of the biceps tendon, SGHL, and
undersurface of the supraspinatus and subscapularis tendons
are well seen with MRI.3*3! Magnetic resonance arthrography
is particularly useful for their demonstration'*? (Fig. 5.36).

Rotator Cuff Tendon Evaluation
by Magnetic Resonance

Rotator Cuff Tendinosis and Tendinopathy

When a tendon has a signal intensity abnormality without focal
disruption or associated findings to suggest a partial-thickness
tear, the terms tendinosis and tendinopathy have been used to
signify an underlying tendon degeneration or inflammation.'"
These terms suggest that there is a chronic, often preexisting,
degenerative process. In general, the signal intensity of the
lesion is not as marked as that of a tear on T2-weighting (Fig.
5.37). There is usually some thickening of the tendon (the
normal thickness of the supraspinatus tendon is between 2 and
4 mm, with a mean of 3.2mm) which distinguishes the signal
change from magic angle phenomenon.'**

Partial-Thickness Rotator Cuff Tears

Partial thickness tears of the rotator cuff are defined as tears
that do not extend all the way from the articular to the bursal
side of the tendon. They can be seen inferiorly at the articular
surface, superiorly at the bursal surface, or intrasubstance,

FiG. 5.37. Supraspinatus tendinosis. The supraspinatus tendon is
thickened with intermediate signal intensity on this oblique coronal
T1-weighted MRI of the shoulder (arrow).
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within the tendon. One should describe partial tears accord-
ing to location (articular, bursal, interstitial), area (in square
millimeters), and depth of the tear.!** Normal tendon thickness
is 10 to 12mm. A grade 1 tear is up to 3mm in depth. Grade
2 tears extend 3 to 6 mm into the cuff but do not exceed half
the thickness of the tendon. Grade 3 lesions involve more than
6 mm of the tendon depth without extending all the way across
from the articular to the bursal surface.

Tears at the articular surface are the most common type
of partial-thickness tears.!*> These are frequently seen at the
footprint attachment of the supraspinatus tendon to the greater
tuberosity.*¢ Originally described by Codman, supraspinatus
and infraspinatus partial tears at the footprint are termed rim
rent tears. These tears are often overlooked and can be difficult
to see on oblique-coronal images alone. It is a good practice
to search for them on axial and sagittal images. When more
than 7 mm of exposed bone is identified at the footprint lateral
to the articular cartilage edge of the greater tuberosity, the
partial tear is considered significant and should be repaired.!'*
A partial articular supraspinatus tendon avulsion is known
as the PASTA lesion.'” The identification of extension of an
articular sided partial tear into the substance of the tendon is
important for diagnosis and treatment. These tears have been
termed Partial Articular tears with Intratendinous extension
(PAINT) by Conway. %

Focal increased signal intensity extending through a portion
of the tendon is suggestive of a partial-thickness tear on MRI.
Partial-thickness rotator cuff tears occasionally present with
irregularity or thinning without abnormal signal intensity. Par-
tial- and full-thickness tears can propagate within the tendon
extending in the longitudinal plane of the tendon fibers. This
is known as delamination. There may be varying degrees of
retraction of the various layers.

When describing a partial-thickness tear, it is important to
mention the morphologic features of the tear, the location of
the tear, its size and extent from the articular to the bursal sur-
face, and whether more than one tendon is involved. Thinning,
irregularity, delamination, and the presence of an undersurface
flap of tissue are also important to mention. This information
is helpful for prognosis and preoperative planning.

It is more difficult to detect a partial-thickness tear than a
full-thickness tear.!® Partial-thickness tears may occasionally
be tough to distinguish from tendinosis or nondisplaced full-
thickness tears if they are elevated in signal intensity on all
imaging sequences. The use of higher resolution techniques
improves the sensitivity of MRI for detecting partial-thickness
tears. Fluid accumulation in the SA-SD bursa, which is common
with full-thickness rotator cuff tears, may also be seen in
patients with all types of partial-thickness tears. Increased
intraarticular fluid may also be found in the setting of a
partial- or full-thickness rotator cuff tear.

Magnetic resonance arthrography has been shown to
be more accurate than conventional MRI for evaluation
of partial tears located on the articular surface of the rota-
tor cuff.> 13140 Additional detection and characterization of
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articular-sided partial-thickness tears can be obtained if the
arm is in the ABER position during the MR examination.'"*
Abduction of the arm allows the undersurface to be depicted
free from the superior surface of the humerus and also pro-
motes spreading of the frayed and torn edges of the inferior
surface®¥ (Fig. 5.38).

Full-Thickness Rotator Cuff Tears

Full-thickness rotator cuff tears often begin anteriorly at the
footprint or in the critical zone of the supraspinatus tendon
and propagate posteriorly. Because of this pattern, larger tears
show a greater amount of tendon retraction anteriorly than
posteriorly. Approximately 40% of supraspinatus tendon tears
extend into the infraspinatus tendon. Tears of the supraspina-
tus tendon also have a tendency to extend anteriorly into the
rotator interval and subscapularis tendon.

A full-thickness rotator cuff tear involves a complete dis-
ruption of the tendon from the articular to the bursal surface.
Magnetic resonance findings in full-thickness rotator cuff tears
include one or more of the following signs: disruption of the
low signal intensity tendon by an area of high signal intensity
on T1- and T2- or T2"-weighted images, tendon retraction,
muscle atrophy and fatty replacement, absence of the tendon,
acromiohumeral articulation, and fluid in the SA-SD bursa
(Fig. 5.39).

Fi1G. 5.38. Articular-sided supraspinatus partial tear. A fat-suppressed
T1-weighted oblique coronal image from an MRA reveals a greater
than 50% partial articular-sided tear of the supraspinatus (small
arrow). Cysts lie in the humeral head across from the tear as a result
of posterosuperior glenoid impingement (large arrow).
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Fig. 5.39. Full-thickness tear supraspinatus. There is a 2-cm gap in
the critical zone of the supraspinatus tendon associated with retraction
(arrow) on this fat-suppressed oblique coronal T2-weighted MRI.

It has been shown in 10% of cases with partial- and full-
thickness tears that fibrous and granulation tissue can fill in
the tear, producing low signal intensity on T2 weighting.!!®
In such cases, the clinician can look for abnormal tendon
morphology such as attenuation or irregularity of the rotator
cuff. !

Full-thickness tears of the rotator cuff tendons can be accu-
rately identified using conventional nonarthrographic MRI
with high sensitivity and specificity.!%!!7-141-143 Increased signal
intensity extending from the inferior to the superior surface
of the tendon on all imaging sequences is an accurate sign
of a full-thickness rotator cuff tear.''s Use of the fat-satura-
tion technique with FSE imaging can improve detection of
both full-thickness and partial-thickness tears compared to
standard spin-echo imaging techniques.' In one study, the fat-
saturation technique increased sensitivity for detection of full-
thickness tears from 80% to 100%."

Tendon retraction is a specific sign of full-thickness rota-
tor cuff tear.!'®® The musculotendinous junction should lie no
further medial than 15 degrees from a line drawn through the
12 o’clock position of the humeral head.!® Retraction can also
be defined when the musculotendinous junction lies medial to
the glenoid rim. Severe muscle atrophy and fatty replacement
are common in patients with large rotator cuff tears.> 135144

Absence of the tendon and acromiohumeral articulation are
signs of a chronic rotator cuff tear. The conventional radio-
graph is useful for identifying acromiohumeral articulation.
When the distance between the acromion and the humeral
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head is less than 7 mm, a rotator cuff tear is likely. There is no
need to perform other studies to exclude a tear in this situation.
However, additional studies such as MRI would be indicated
if the referring clinician desires information about which ten-
dons are torn as well as other structures in and around the
glenohumeral joint. In addition to internal glenohumeral joint
derangement, deltoid dehiscence is seen following massive
rotator cuff tears.

Fluid in the SA-SD bursa is a sensitive but relatively non-
specific finding in patients with rotator cuff tears.! The fluid
escapes from the glenohumeral joint through the articular surface
tear into the bursa that lies above the superior surface of the
tear. Small amounts of fluid in the bursa can be seen as an iso-
lated finding in asymptomatic patients. 07:10%133.142.145.146 Cageg of
isolated SA-SD bursitis without rotator cuff tear are identified
following trauma and in association with inflammatory dis-
orders such as rheumatoid arthritis or infection. Subacromial-
subdeltoid bursitis is also common with impingement syndrome.
Previous injection of a local anesthetic or steroid preparation
may cause difficulty in interpretation of the rotator cuff ten-
dons and bursa.!%147-1% The area of injection is high signal
intensity on MRI and can mimic a bursitis, tendinopathy, or
tear. Injected fluid can remain in the subacromial subdeltoid
bursa for up to 3 days following injection.'¥’ It is important
for the referring physician to know of this phenomenon and
request an MR study prior to injection or to delay the MR
examination for a few months if such treatment has been
performed. The patient should be questioned and counseled
about recent injections at the time of the MR appointment.
The interpreting radiologist needs to be aware of such
injections and their date of administration when evaluating
the MR study.

If there is any question concerning the distinction of a full-
and partial-thickness tear, MRA is recommended, particularly
if the abnormal signal intensity extends from the undersurface
of the tendon.'* When gadolinium is injected into the gleno-
humeral joint, it fills a defect in the rotator cuff that extends to
the articular surface, including partial-thickness undersurface
tears. It does not demonstrate a partial tear in the substance or
at the superior surface of the rotator cuff tendons. The gado-
linium spreads into regions of tendinosis that are not torn. The
contrast also fills in frayed and friable tendon margins. Ten-
dons that imbibe contrast have increased signal intensity on
fat-suppressed T1-weighted images. These tendons are often
friable and swollen, related to degeneration and inflammation.
Damaged tendon edges that imbibe contrast are debrided prior
to repair of the cuff. If the tear is full thickness, the contrast
enters the SA-SD bursa. The SA-SD bursa must be carefully
evaluated for the presence of contrast in patients with equivocal
full-thickness tears. It is important to use fat-suppression to
decrease the signal from fat without affecting the high signal
intensity of the gadolinium on T1-weighted images.!'*

An intramuscular “sentinel” cyst may form in the sheath
or substance of the rotator cuff muscles when fluid from the
joint propagates along a partial- or full-thickness tear into
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Fi1G. 5.40. Intramuscular cyst associated with tendon tear. (A) A partial articular-sided supraspinatus tendon tear is noted on this fat-suppressed
T2-weighted oblique coronal MRI (arrow). (B) Fluid from the tear extended posteromedially into the infraspinatus muscle in the form of a

cyst (arrow).

the musculotendinous junction.”*!5! These cysts are strongly
associated with rotator cuff tears and present as a high signal
intensity mass on T2-weighting and STIR images with rim
enhancement following intravenous gadolinium injection.
When seen on MRI, intramuscular rotator cuff cysts suggest
that there is a high likelihood of an underlying rotator cuff
tendon tear (Fig. 5.40). The cysts are more commonly seen
in association with laminar partial-thickness tears, compris-
ing half of the tears in one study.'' It is interesting that in
some cases the cyst can propagate from a torn tendon into
an adjacent rotator cuff muscle with an intact tendon related
to interdigitation of tendons as they insert on the humerus.
Magnetic resonance arthrography and ABER positioning aid
in depiction of partial undersurface tears related to an intra-
muscular cyst, demonstrating intrasubstance propagation of
the tear through delaminated layers of the torn tendon.

Infraspinatus, Teres Minor, and Subscapularis
Tendon Tears

Although commonly torn in association with supraspinatus
tendon tears, isolated tears of the infraspinatus tendon are
rare.'>? An increasing role is being placed on this tendon as
a source of symptoms.'*® Tears of the infraspinatus are more
frequent in younger athletes who use an overhead-throwing
motion. This tendon may also be affected by the previously
described internal impingement syndrome. Tears of this tendon

are best identified with the aid of all three imaging planes
(Fig. 5.41).

FI1G. 5.41. Infraspinatus tendon tear. Partial disruption in the form of a
laminar tear is seen in the infraspinatus tendon on this fat-suppressed
T1-weighted oblique coronal MR image from an arthrogram (arrow).
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Subscapularis tendon tears are seen in patients with antero-
superior and subcoracoid impingement as well as in middle-
aged and older patients with recurrent shoulder dislocation or
in association with massive tears of the other rotator cuff
tendons. S8 2HI2I54I55- A recent article confirms the relationship
between subscapularis tendon abnormality and chronicity of
supraspinatus tendon tears.!* Tears may also be seen follow-
ing direct trauma to the anterior aspect of the shoulder joint
and with hyperextension or external rotation of the adducted
arm.’” In the latter case, the patient experiences pain and
weakness when the arm is used below shoulder level. On
MRI, subscapularis tendon tears are often identified on axial
and oblique sagittal images. Partial tears can be subtle and
are commonly seen along the articular surface. Full-thickness
tears are frequently seen at the attachment to the lesser tuber-
osity and are associated with retraction (Fig. 5.33). In the
presence of a subscapularis tendon tear, the biceps tendon may
sublux or dislocate out of the intertubercular groove (Figs.
5.33 and 5.42). Occasionally, it may dislocate into a partial
subscapularis tendon tear (Fig. 5.42). The biceps tendon occa-
sionally lies in front of the glenohumeral joint. This is because
a disruption of an extension of the subscapularis tendon over
the intertubercular groove, formerly known as the transverse
humeral ligament, allows the tendon to escape the bicipital
groove.%81% Cysts or edema are common in the lesser tuberosity
in the presence of partial- and full-thickness subscapularis
tendon tears as well as supraspinatus tears.

F1G. 5.42. Partial subscapularis tendon tear with biceps tendon dis-
location. The biceps extends medial to the groove inside the partial
subscapularis tendon tear (arrow) on this fat-suppressed axial T2-
weighted MRI.
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Teres minor tendon tears are rare. Posterior dislocation is
a common predisposing mechanism. It is important for the
clinician to check the posterior labrocapsular structures for
abnormalities when such a tear is present. Teres minor muscle
strains may also be an important clue to underlying posterior
glenohumeral instability.

Rotator Interval Pathology

Lesions of the rotator interval produce anterior shoulder pain.
The long head of the biceps brachii tendon and the rotator
interval are intimately related structures that can be linked
to specific abnormalities termed “pulley lesions” that were
also described in the anterosuperior impingement section.'*?
Tears of the rotator cuff interval cause enlargement of the
capsule and may allow fluid to escape from the joint and fre-
quently into the SA-SD and subcoracoid bursae.'®® Magnetic
resonance arthrography and fluid-sensitive sequences with fat
suppression in the axial and sagittal planes are particularly
useful for demonstrating these tears as a region of high signal
intensity often in association with biceps tendon and coraco-
humeral ligament abnormalities (Fig. 5.43).

F1G. 5.43. Rotator interval tear. The rotator interval is disrupted (arrow)
on this fat-suppressed sagittal T1-weighted image from an MRA.
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The shoulder is a common site of athletic injury. As such, these
injuries encompass the full spectrum of shoulder pathology,
from acute to chronic, and from minimally symptomatic to ath-
letically disabling. The discipline of sports medicine requires
accurate and prompt diagnoses, in part consequent to the unique
and potentially season-threatening or career-ending impact on
players and teams alike. Imaging tools that facilitate diagnostic
accuracy are a crucial part of the orthopedist’s armamentarium.

Magnetic resonance imaging has become an important
diagnostic adjunct in the evaluation of shoulder conditions,
providing an unprecedented level of soft tissue detail. Recent
developments have furthered the utility of MR technology,
including direct MRA, diagnosis-specific sequencing such as
fat suppression and spin-echo techniques, and special posi-
tioning such as ABER views. In conjunction with an expe-
rienced musculoskeletal radiologist, these newer applications
have added an important dimension to our diagnostic accuracy.
For example, the detection of labral pathology is considerably
improved with the use of MRA. In overhead-throwing ath-
letes in which undersurface cuff pathology is common, ABER
sequencing is critical to visualize the cuff footprint. Because
of the variable sequencing available, these studies are best
requested based on the suspected diagnosis. Certainly, good
communication between the clinician and the radiologist will
likely improve the diagnostic yield.

Although it is an important tool, it must be remembered that
MRI is no substitute for a thorough history, physical exam, and
radiographic exam. The fact that many referred patients have
already been imaged does not justify the general overutiliza-
tion of this imaging technique. Magnetic resonance imaging is
best indicated in confirming suspected pathology, assisting in
clinical decision making, and helping to exclude conditions that
may confound or otherwise influence the treatment plan.

Instability

Shoulder instability is most commonly classified by direction,
including anterior, posterior, and multidirectional. Anterior
instability is further divided into two main groups known for
their acronyms TUBS and AMBRII. Patients with TUBS typi-
cally have a rraumatic onset of unidirectional instability, in which
a Bankart lesion is typically present, usually requiring surgery.
Conversely, AMBRII patients have symptoms whose onset is
atraumatic, multidirectional, often bilateral, often responds to
rehabilitation, and when unresponsive to nonoperative measures

requires an inferior capsular shift and rotator interval closure.'®!
Differentiating between these types of instability is critical for
successful treatment. Athletes may suffer from either type.

Traumatic Anterior Instability

Anterior shoulder dislocations and subluxations (partial dis-
locations) account for approximately 90% of traumatic shoulder
instability. They are associated with contact and collision
sports, and most commonly occur when the athletes’ vulnerable
abducted and externally rotated shoulder is subjected to a
sudden external rotation or extension force.'¢?

The glenohumeral joint is stabilized by both static and
dynamic mechanisms. The interaction between these two types
of restraints allows stability of the glenohumeral joint throughout
a wide range of motion. Static restraints include the glenohumeral
articular geometry, surrounding glenoid-deepening labrum, and
the glenohumeral ligaments and capsule. Of these various liga-
ments, the most important restraint to anterior instability is the
anterior band of the inferior glenohumeral ligament.'® In addi-
tion to deepening the glenoid fossa, the labrum also serves as the
attachment site of the glenohumeral ligaments and joint capsule.

Dynamic restraints of the glenohumeral joint include the
muscles of the rotator cuff (supraspinatus, infraspinatus, sub-
scapularis, and teres minor), biceps long head tendon, and the
scapular stabilizers (serratus anterior, latissimus dorsi, trape-
zius, rhomboids).

Pathoanatomy and Pathophysiology

The most common pathoanatomy in patients with traumatic
anterior glenohumeral instability is a Bankart lesion, which is
a detachment of the anteroinferior labrum and glenohumeral
ligament from the glenoid rim.'** Although initially perceived
as the “essential lesion” responsible for anterior glenohumeral
instability, we now appreciate that a number of associated
pathologic lesions can occur with or instead of the Bankart
lesion. The most common associated such pathology is capsular
patholaxity, with a stretch or plastic deformation of the capsule-
ligamentous structures from the dislocation event.'®> The
Perthes lesion is a nondisplaced labral tear whose attachment
to the glenoid rim appears intact but whose medial attachment
along the glenoid neck is in fact stripped.'®® An ALPSA lesion
represents a Bankart equivalent in which the avulsed anteroin-
ferior capsulolabrum is healed in a nonanatomic position along
the medial neck of the glenoid.'®” A HAGL lesion, occurring in
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up to 9% of some reported series,'*® occurs when failure of the
glenohumeral ligament occurs on the humeral side.'®

Injury often occurs to the bony structures as well, with a
high incidence of Hill-Sachs lesions, in which the posterolateral
humeral head demonstrates articular or osteochondral impression
fracture. Occasionally, the anterior-inferior glenohumeral liga-
ment/labrum complex avulses a portion of the anterior glenoid
at the site of attachment, known as a “bony Bankart” lesion. Rec-
ognition of the presence and dimensions of such bony lesions has
important implications in treatment, as these shoulders may pose a
higher risk of failure with arthroscopic stabilization procedures.!”
Other less common associated problems include fractures of the
proximal humerus (most commonly the greater tuberosity) and
tears of the rotator cuff (usually in patients over age 40).'"!

Diagnosis and Treatment

Diagnosis of anterior instability is established through a careful
history and physical, complemented by x-rays. Acutely, patients
with a dislocated shoulder hold their arm in slight abduction
and external rotation at their side. Normal deltoid contour is
lost. Neurologic exam may demonstrate injury to the axillary
nerve. Recurrent instability events can generally be diagnosed
by history and physical exam.!¢! The apprehension sign is the
most common physical finding, generated when positioning the
patients’ shoulder in abduction and external rotation, and apply-
ing an anterior-directed force. The test is considered positive
if the patient demonstrates apprehension during this maneuver
(Fig. 5.44). The relocation sign is positive when this appre-
hension is relieved by a posterior-directed force. Laxity tests
include the load and shift test and the sulcus sign (Fig. 5.45). In
the load and shift test, the humeral head is “loaded” through an

F1G. 5.44. Apprehension test. Abduction and external rotation will
produce a sense of impending subluxation/dislocation with anterior
glenohumeral instability. (From Flatow E. Mini-incision Bankart
repair for shoulder instability. In: Scuderi G, Tria A, Berger R, eds.
MIS Techniques in Orthopedics. New York: Springer, 2006, with
permission.).
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F1G. 5.45. Sulcus sign. Downward traction of the arm will create a
gap between the acromion and the humeral head. (From Flatow E.
Mini-incision Bankart repair for shoulder instability. In: Scuderi G,
Tria A, Berger R, eds. MIS Techniques in Orthopedics. New York:
Springer, 2006, with permission.).

axial force into the glenoid, followed by attempted translation
posteriorly, comparing the amount and the quality of the end
point to the opposite side. Shoulder laxity tests may be difficult
to interpret, however, demonstrating poor inter- and intraob-
server reliability.!”> Because some patients may have instability
in directions other than anteriorly, all patients, particularly those
with recurrent instability, must be assessed for generalized liga-
mentous laxity, which may indicate multidirectional instability.

Treatment of an acute anterior instability episode involves
transient immobilization followed by a rehabilitation program.
Recent evidence has suggested the possible value of immo-
bilization in external rotation compared to traditional sling
immobilization, with improved coaptation of the anterior
capsulolabral complex to the glenoid.!”*"®

Unfortunately, nonoperative treatment has led to a fairly
predictable recurrence incidence, varying with patient age.
Generally, the younger the patient, the higher the risk, with
patients under age 20 thought to have a nearly 90% incidence.'”
This high recurrence risk has led some clinicians to consider
surgical treatment of the first-time dislocator, especially
among athletes in whom recurrence risks subsequent seasons.
Treatment of recurrent instability is primarily surgical, with
traditional open techniques, or, more commonly, arthroscopic
approaches.
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Imaging

Plain radiographs are indicated in cases of an acute disloca-
tion. Prior to or following reduction, a true anteroposterior
(AP) view and either a scapular Y lateral or axillary view help
confirm the direction of the dislocation and the adequacy of
reduction, and delineate any associated fractures, particularly
of the posterolateral humeral head (Hill-Sachs lesion) or ante-
rior glenoid (bony Bankart lesion). Special views may facili-
tate detection of either the Hill-Sachs lesion (Stryker notch
view)'"” or the bony Bankart lesion (West Point view).'”® Bony
defects may require further more sophisticated imaging such
as CT or CT arthrogram, which may help quantify the dimen-
sions of the lesions. Such assessment is critical in that it may
influence the surgical approach.

Magnetic resonance imaging is rarely necessary, but often
obtained in the patient with acute instability. However, it is
of particular value in the patient over age 40, in whom there
is an increasingly statistical likelihood of associated rota-
tor cuff tear.'”! In patients with recurrent instability, in which
the direction of humeral head displacement is unclear, MRI
may be valuable. Signs suggestive of anterior instability
include abnormalities of the anterior glenohumeral ligament
or labrum, or the presence of a Hill-Sachs lesion. Historically,
MRI has not consistently allowed for a high accuracy in assessing
pathology of the glenoid labrum. This is due in part to variations
in labral anatomy and significant inter- and intraobserver vari-
ability in image interpretation. Multiple studies have examined
the efficacy of MRI in the identification of labral tears associated
with anterior shoulder instability. They have shown sensitivity of
44% to 100% and specificity of 66% to 100%.!7°-183

Intraarticular injection of contrast media prior to MRI (direct
MRA) has enhanced diagnostic accuracy.'®'® For example, in
a direct comparison of MRI and MRA compared with surgi-
cal findings, Chandnani et al.’® found the two techniques to
be roughly equivalent in ability to detect labral tears, at 96%
and 93%, respectively. However, MRA was significantly more
accurate in detecting detached labral fragments (96% vs. 46%)
and correctly identifying labral degeneration (56% vs. 11%).
Waldt et al.’ evaluated the accuracy of MRA in detection of
labroligamentous pathology associated with shoulder insta-
bility, compared with surgical findings, and found the overall
accuracy to be 89% in detection and 84% in classification of
pathology. Overall, 80% of Bankart lesions, 77% of ALPSA
lesions, and 50% of Perthes lesions were correctly identified.
In studies by Palmer et al.'®> and Palmer and Caslowitz,'3 MRA
demonstrated sensitivity of 91% and 92%, and specificity of
93% and 92%, respectively, in detection of labral pathology
associated with anterior shoulder instability. Overall, MRI and
MRA are valuable tools in evaluating patients with instability,
but neither is 100% accurate in labral interpretation.

Recent developments have permitted improvements in detec-
tion of associated pathology by shoulder positioning during the
MR. Specifically, ABER sequences, in which the shoulder is
positioned in abduction and external rotation following intraar-
ticular injection, improves accuracy of labral interpretation, as
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well as recognition of undersurface cuff tears. For example, Cvi-
tanic et al.,'® in a study comparing MR and operative findings in
92 patients, demonstrated 89% sensitivity and 95% specificity in
the diagnosis of anterior labral injuries with MRA in the ABER
position, compared with 48% sensitivity and 91% specificity
with MRA in the conventional position. Using both in conjunc-
tion increased sensitivity to 96% and specificity to 97%. In a
cadaver study, Kwak et al.'** found that MRA in the ABER posi-
tion achieved the best visualization of the inferior glenohumeral
ligament. Clinicians should consider obtaining MR arthrograms
in the ABER position for patients who are suspected of having a
lesion of the anterior capsulolabral complex.

Magnetic resonance imaging and MRA can also assist in
evaluating patients with recurrent instability following previous
surgical stabilization. Conventional MRI in this population,
particularly in the presence of metal anchors, may make inter-
pretation difficult. For example, Wagner et al.'*! reported 80%
sensitivity, 79% specificity and 79% accuracy in the detec-
tion of recurrent labral tears in 24 patients at an average of 10
months postoperatively. This study, however, was limited by a
small number of patients, and variable radiographic technique
(MRI, direct and indirect MRA).

Traumatic Posterior Instability

Acute posterior shoulder dislocations are markedly less common
in comparison to anterior instability patterns, accounting for only
2% to 4% of all glenohumeral dislocations. The mechanism of
injury is typically an axial load with the arm in an adducted and
internally rotated position. Posterior shoulder dislocations may
also occur as a result of seizure or electric shock. Commonly,
posterior instability is more subtle and recurrent, often seen in
football linemen or in association with inferior laxity (multidi-
rectional instability).!”> Acute traumatic posterior dislocation
is typically accompanied by a reverse Bankart lesion, in which
the ligament/labrum complex is avulsed from the posterior gle-
noid rim. In patients with recurrent instability, attenuation of
the capsule may be the pathologic finding rather than labral dis-
ruption. Other pathology may include posterior capsular laxity,
posterior HAGL lesions, and posterior labrocapsular periosteal
sleeve avulsions (POLPSA lesions). Posterior instability may be
associated with a hypoplastic glenoid or excessively retroverted
humerus or glenoid.'”® Osseous injury may include anterior
humeral head impaction fractures, also called “reverse” Hill-
Sachs lesions or rim fractures of the posterior glenoid rim.

The diagnosis of acute posterior shoulder dislocation is
frequently missed.'** Clinically, patients present with pain and
hold their arm in adduction and internal rotation, unable to
externally rotate. Differences from the shoulders’ normal contour
may be subtle. An AP and axillary radiographs are mandatory
whenever dislocation is suspected. The AP view may be unre-
markable, but the axillary view confirms the diagnosis.

Clinical examination should include the load and shift test,
and the jerk test (also called the clunk test).!®* The jerk test
attempts to elicit actual transient instability of the joint, and
may be voluntarily demonstrated by the patient. In this test,
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the arm is first flexed to 90 degrees and an axial load applied,
translating the humeral head posteriorly. The patients’ arm
is then extended in the plane of abduction, with a resultant
“clunk” indicating reduction of the subluxed or dislocated
humeral head. Physical exam findings however, are often
subtle and may be underwhelming. For this reason, MRI is
especially valuable in this population.

Acute treatment of posterior shoulder dislocation is rarely
necessary as it most commonly reduces spontaneously. Early
treatment involves postreduction sling immobilization and
rehabilitation. Surgery may be appropriate in athletes after a
first-time dislocation, although most surgical cases are indi-
cated with recurrent instability. Definitive treatment involves
anatomic repair of the typically detached posterior labrum/
inferior glenohumeral ligament from the glenoid.!*®

Anteroposterior and axillary radiographs are required in
cases of suspected posterior shoulder dislocation. Further
studies are not typically necessary, but may include CT to
evaluate bony pathology or MRI to evaluate the labrum. These
advanced diagnostic imaging tests may be of value in clinical
decision making.!%

Multidirectional Instability

Multidirectional instability (MDI) of the shoulder represents
an atraumatic condition in which patients develop functional
symptoms due to an inherently lax capsule. Often associ-
ated with generalized ligamentous laxity, it may also reflect
underlying soft tissue connective disorders such as Ehlers-
Danlos syndrome. Patients typically present with chronic
symptoms related to repetitive activities, such as swimming
or overhead throwing. Pain is the most common symptom,
but they may complain of a sense of instability or the arm
“going dead.” Infrequently patients may be able to volun-
tarily demonstrate their instability, particularly by subluxing
the shoulder inferiorly.

In addition to an appropriate history, the diagnosis of MDI
is established by physical exam. Laxity tests may reveal
increased translation in anterior, posterior, or inferior direc-
tions, which may or may not be symptomatic. The hallmark of
MDI, however, is the presence of a sulcus test. When positive,
a “sulcus” develops between the acromion and the proximal
humerus upon inferior passive translation of the humeral head.
This sulcus is readily appreciated, though it may be normal
in some patients with generalized laxity. The sulcus sign can
be graded based on the measured amount of inferior transla-
tion, with 3 cm the likely threshold for significant translation.
Recent modifications of the sulcus test include repeating it
with the patients’ arm externally rotated, which if positive
suggests deficiency of the tissue within the rotator interval.
When the arm is positioned in combined abduction/external
rotation, persistent translation suggests capsular patholaxity
in the axillary pouch.

Radiographic studies are unhelpful. Plain films are normal,
and MRI does not show any pathologic findings, although
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there may be a relatively capacious pouch. The primary treat-
ment of MDI is nonoperative for most patients, with cuff and
scapular stabilizer strengthening sufficient to resolve most
symptoms. Failure to respond may warrant operative inter-
vention with an inferior capsular shift or arthroscopic plica-
tion.!”” Most patients do not have actual labral pathology or
bony Bankart lesion.

Superior Labrum and Biceps Tendon

Injury to the superior glenoid labrum is a common and increas-
ingly recognized cause of shoulder pain, particular in the
athletic population. The superior labrum serves as the attach-
ment site for the tendon of the long head of the biceps muscle.
Structurally, the superior labrum, like the anterior and poste-
rior labrum, is a rim of fibrocartilage that is triangular in cross
section, and is continuous with the glenoid articular cartilage.
The superior labrum has a number of normal variants.!”® In
the central detachment type, or sublabral recess, the central
portion of the meniscus-like labrum is free and not attached to
the articular margin, though peripherally attached.' The sub-
labral hole, located anterior to the biceps anchor, consists of
a band-like middle glenohumeral ligament (MGHL) associ-
ated with a bare space between the labrum and anterosuperior
glenoid. This variant is found in 11% to 15% of patients.?%!
A Buford complex is another normal variant, similar to the
sublabral hole with a cord-like MGHL, but the anterosuperior
labrum is absent. The cord-like MGHL is continuous with the
superior labrum. This normal variant occurs in approximately
1.5% of patients.?® The significance of all these variations is
in the difficulty in differentiating a true SLAP tear from a
normal variant by MRI.

The tendon of the long head of the biceps is a fairly constant
intraarticular structure that exits the joint at the bicipital groove.
However, its relationship to the glenohumeral ligaments is
somewhat variable, and congenital anomalies, such as the pres-
ence of a double tendon, an aberrant mesentery-like attachment,
and complete absence of the tendon, have been described.!6!2%

Pathoanatomy and Pathophysiology

Injuries to the superior labrum have been dubbed SLAP
lesions, which have been classified into as many as 10 different
types,?®! but the most common classification as initially pro-
posed by Snyder et al.?** involves four types. Type I represents
degenerative fraying and is the most common. Type II is a
detachment of the superior labrum from the underlying gle-
noid. Type III and IV are relatively uncommon; type III is a
bucket-handle equivalent tear in which the superior labrum is
split and subluxed inferiorly into the joint, and Type IV is a
detachment of the superior labrum like a type II, but with tear
extension into the root of the biceps.

The SLAP lesions are common in athletes and often coexist
with other pathology. There are multiple described mechanisms
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of injury with variable symptomatology. One of the most com-
mon presentations is an acute injury, such as sliding into base
with arm extended overhead, or a fall onto an outstretched arm
with the shoulder in abduction and forward flexion, generating
a traction force that pulls on the biceps anchor. Such an event
is typically accompanied by sudden onset of pain, and subse-
quent mechanical clicking or catching. Another mechanism
in the overhead-throwing athlete is the “peel-back” phenom-
enon,”® in which repetitive stresses in the throwing position
leads to progressive peeling back of the superior labrum/biceps
anchor complex medially off the glenoid neck, seen in over-
head-throwing athletes with an abduction and external rota-
tion force during the throwing motion.

Injuries to the biceps tendon include degenerative fraying,
partial or complete tears, as well as subluxation or dislocation.
Injury mechanism includes both acute trauma and repetitive
stress. Tears may be associated with SLAP lesions. Biceps
long head subluxation or dislocation occurs with injury to
the soft tissue restraints. Medially this includes tearing of the
upper portion of the subscapularis tendon.?* Laterally this can
occur with a rotator cuff tear of the supraspinatus extending
into the rotator interval. Axial MRI cuts in which the biceps
can be seen to be displaced from its normal position within the
intertubercular groove demonstrate the diagnosis.

Diagnosis and Treatment

In addition to a careful history including mechanism of injury,
the physical exam can assist in diagnosis of SLAP lesions.
Clinical tests described to help detect SLAP lesions include
the O’Brien active-compression test and the biceps load test.
The O’Brien active-compression test?” is performed with the
patient’s arm held in 90 degrees of forward flexion and 10
degrees of adduction. With the thumb pointing toward the floor,
the patient is asked to resist a downward force. Pain with this
maneuver that is located in the shoulder (not the acromiocla-
vicular joint) and relieved when the thumb is pointed upward is
indicative of a SLAP lesion. No physical exam finding has been
shown to be sensitive or specific for SLAP lesions, however.
To further complicate matters, SLAP lesions, particularly in the
throwing population, often accompany other shoulder pathol-
ogy, and are rarely isolated findings. For these reasons, SLAP
lesions present a diagnostic challenge.

Biceps tendon pathology may be diagnosed by a careful
history and physical exam. Patients with acute complete rup-
tures usually present with a sudden event in which they feel a
pop and notice a “Popeye” muscle, with distal displacement
of the biceps muscle belly and ecchymosis over the next few
days. Often there is a preceding history of pain. Biceps tendon
instability accompanies other shoulder pathology and itself
is not readily diagnosed by physical exam. Multiple physical
exam tests have been described aimed at diagnosing biceps
pathology, although none has been shown to be specific.
Speed’s test is performed with the patient’s palm facing up
with the elbow in full extension. A positive test consists of the
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presence of pain located in the bicipital groove with resisted
forward flexion. While this test has been shown to be 90% sen-
sitive in detecting anterior shoulder pathology, its specificity
for biceps pathology is only 13%.2%

Symptomatic SLAP lesions may respond to nonoperative
treatment. However, in the athletic population, particularly
overhead-throwing athletes, repetitive stresses may make non-
operative treatment unrealistic. The surgical approach depends
on arthroscopic findings, and includes debridement for types I
and IIT SLAP lesions and repair for types II and IV.2%®

Biceps tendon pathology may also be successfully man-
aged nonoperatively, typically with corticosteroid injections
into the bicipital sheath. Persistent symptoms may warrant
arthroscopic evaluation with definitive treatment based on
the extent of the pathology. Generally, less than 50% tendon
diameter involvement leads to debridement, with greater than
50% requiring either tenodesis (reattaching the biceps tendon
to the proximal humerus) or tenolysis (releasing or cutting the
biceps tendon). In cases of biceps instability, tenodesis is usu-
ally performed, along with adjunctive treatment of associated
cuff pathology.?!

Imaging

Diagnosis of SLAP lesions requires a careful history and
physical exam, because imaging studies are not reliably accurate.
Plain radiography is of no value except to exclude other diag-
noses. Because SLAP lesions are often only part of a spectrum
of pathology, and because of known anatomic variability, MRI
is an important adjunct in diagnostic evaluation.

An MRI or MRA is indicated when superior labral pathol-
ogy is suspected. In evaluation of the superior labrum, para-
coronal (in the plane of the scapula) T2 images are of greatest
value.?!! As in meniscus pathology, the interpretation of true
SLAP tears (from an intralabral signal) requires extension
of the increased signal to the articular margin of the labrum.
Intraarticular gadolinium may help differentiate between
intralabral signal and nondisplaced tears. Distinguishing
true labral pathology from variants such as a sublabral hole
requires MR expertise. In general, the sublabral recess tends
to be more medial than SLAP tears, and located between the
biceps tendon and the glenoid articular cartilage. Conversely,
SLAP tears often extend posterior to the biceps tendon and
more laterally than the sublabral recess.?'?

In terms of biceps evaluation, axial imaging permits visu-
alization of the biceps attachment on the superior labrum, as
well as the course of the tendon within the intertubercular
groove. Intrasubstance signal in the biceps tendon may be
indicative of a partial tear. Absence of the long head indicates
a complete tear. Subluxation or dislocation is easily seen on
axial and sometimes coronal images,** usually in association
with other pathology (supraspinatus or subscapularis tendon
tears).

Several authors have reported on the efficacy of MRI
and MRA to detect and identify superior labral pathology.
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Magnetic resonance imaging has demonstrated sensitivity
from 41% to 98%, specificity of 86% to 100%, and accuracy
of 63% to 95% in detection of SLAP lesions.!8!"183214215 Thjg
compares with MRA, which has been shown to achieve 89%
to 100% sensitivity, 69% to 91% specificity and 74% to 92%
accuracy.?!2!® Despite the purported value of the addition
of intraarticular contrast to conventional MRI, few studies
have borne out the increased sensitivity or accuracy of this
approach in the diagnosis of SLAP lesions.?"” Nevertheless,
such imaging, in particular for evaluation of the throwing
athlete and in suspected cases of labral pathology, has become
fairly standard.

For visualization of the biceps tendon, MRI and MRA are
useful. In one study, MRI was shown to have 67% sensi-
tivity and 90% specificity in the detection of biceps tendon
instability.?!® The authors found that visualization of the
tendon perched on the lesser tuberosity in the presence of an
obtusely angled intertubercular groove was a good indicator
of biceps tendon instability. Zanetti et al.”?® were able to
demonstrate 86% sensitivity and 87% to 94% specificity in
the diagnosis of biceps tendon rupture using MRA. They
stressed the importance of visualization of the tendon in both
the axial and sagittal oblique images. They also observed
that biceps tendinopathy was most closely associated with
observed caliber changes and intrasubstance signal as seen
by MRA. Some authors advocate MRA over MRI alone
when there is clinical suspicion of biceps tendon pathology
due to the superior visualization of the tendon in the pres-
ence of contrast agents.

Rotator Cuff and Impingement

The rotator cuff consists of the musculotendinous units of four
muscles: supraspinatus, infraspinatus, teres minor, and subscap-
ularis. Each of these muscles has its origin on the scapula and
insertion on the proximal humerus. The tendons come together
to form a cuff of tissue that represents the largest single tendi-
nous structure in the human body. Anatomically, from superior
to posterior, the supraspinatus, infraspinatus, and teres minor
insert on the greater tuberosity. Anteriorly, the subscapularis
inserts on the lesser tuberosity, and is separated from the rest of
the rotator cuff by the rotator interval (Fig. 5.46).

In the normal shoulder, the rotator cuff serves an important
function that has been described as the “compressor” cuff.?!
In the midrange of glenohumeral motion during which the
static shoulder stabilizers are relatively lax, the rotator cuff
acts to stabilize the glenohumeral joint by compressing the
humeral head into the glenoid, thereby maintaining a constant
center of rotation. The rotator cuff also acts as a humeral head
depressor with the arm at higher degrees of elevation. While
the cuff is biomechanically critical in ensuring head centering,
the deltoid and other parascapular muscle groups account for
the majority of force generation about the shoulder.
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F1G. 5.46. The attachments of the shoulder ligaments, rotator cuff,
and biceps tendon to the bones are shown. (Courtesy of the Cleveland
Clinic Center for Medical Art and Photography. © 2007. All rights
reserved.).

Rotator cuff pathology may occur in isolation in the aging
population, in which progressive degenerative changes are
well established. Yet the cuff is also involved to a great degree
in younger athletic patients, particularly in throwing athletes,
in which underside cuff tearing due to tension overload fail-
ure and internal impingement conspire to compromise normal
function. Cuff pathology in this group often coexists with other
structural damage. In these cases, MRI has proven invaluable
to better understand and help direct treatment.

Pathoanatomy and Pathophysiology

The spectrum of cuff pathology ranges from mild tendonitis to
full-thickness retracted tears. There are many different theories
to explain rotator cuff pathology, but none is universal. The
most common theory is that of subacromial impingement, in
which mechanical pressure on the bursal side of the cuff leads
to progressive cuff changes and eventual tearing. In this model,
anterior acromial spurring and coracoacromial (CA) ligament
thickening account for the observed cuff changes.?”>??* Patho-
logic lesions associated with external impingement include
rotator cuff tendinopathy, partial- or full-thickness tears, and
labral tears.

Many observations subsequent to this theory, however, have
led to the current realization that in fact, most problems of the
rotator cuff are not actually caused by this outlet impingement,
though some may occur secondarily. The most likely primary
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cause of cuff problems is inherent degenerative pathology
in the cuff that has been shown to be age related.”>* Another
described cause of cuff problems, particularly in the over-
head-throwing athlete, has been termed “internal impinge-
ment,” which is created by the direct contact of the posterior
cuff against the posterior superior glenoid as the arm is posi-
tioned in abduction and external rotation (i.e., the throwing
position).?> The pathologic lesions typically seen with internal
impingement include posterosuperior labral degeneration or
tear, partial-thickness tears of the supraspinatus or anterior
edge of infraspinatus tendons, and cystic changes in the pos-
terolateral humeral head.??® Extrinsic, or “external,” impinge-
ment in athletes occurs secondary to microinstability patterns,
allowing the humeral head to translate superiorly.?*’

Another type of impingement is anterosuperior impinge-
ment, a relatively uncommon cause of cuff pathology. In this
phenomenon, the anterior cuff (supraspinatus and upper sub-
scapularis tendons), along with the biceps sling (coracohu-
meral ligament and superior glenohumeral ligament) become
mechanically compressed within the confines of the rotator
interval. A “roller Wringer” effect has been described in which
the coracoid can actually lead to undersurface fiber failure of
the subcapularis, particularly in cases in which the coracoid
process is elongated, or the space between the coracoid and
lesser tuberosity are narrowed.??

Rotator cuff tears occur when there is mechanical failure,
usually at the tendinous attachment. Tearing can occur as an
acute event, insidiously, or as an acute-on-chronic phenom-
enon. The supraspinatus is the most commonly involved cuff
tendon, with extension into the infraspinatus a close second.
Subscapularis pathology is an increasingly recognized entity,
with partial tearing, detachment, and/or “cabling” of the upper
fibers. Usually this subscapularis involvement is in conjunc-
tion with other cuff findings. Teres minor tendon involvement
is decidedly uncommon. Tears of the cuff may be nonretracted
or demonstrate considerable retraction, often associated with
atrophy and fatty infiltration of the affected muscle(s).?”

Partial-thickness tears, on both the bursal and the articular
side, are relatively common, perhaps more common in fact than
full-thickness detachments. Their diagnosis is difficult clini-
cally, and may present with chronic symptoms of impingement
or acute pain suggestive of a full-thickness cuff tear. Definitive
diagnosis may require arthroscopic evaluation, as MRI cannot
easily distinguish signal changes due to partial tearing from
tendinosis and degenerative changes.

Diagnosis and Treatment

Diagnosis of shoulder impingement and rotator cuff tears is
clinical. The most common complaints are pain and weak-
ness. Many shoulder conditions, however, present in a similar
manner, and the differential diagnosis includes AC joint
arthritis/osteolysis, calcific tendonitis, and an early adhesive
capsulitis (frozen shoulder).
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The classic tests for subacromial impingement are those
described by Neer and modified by Hawkins.!! These classic
impingement signs rely on re-creating symptoms through a
mechanical maneuver in which the cuff is “impinged” between
the humeral head and the coracoacromial arch (anterior acro-
mial undersurface and CA ligament). A positive Neer’s sign
occurs when pain is elicited as the arm is passively flexed
while fixing the scapula. The Hawkins maneuver adds a com-
ponent of internal rotation and adduction. Neither has been
shown to have a high accuracy rate, and certainly many other
conditions can lead to a positive impingement sign. Selective
injection of local anesthetic into the subacromial space may
offer acute relief of symptoms and decreased provocation of
symptoms with repeat impingement testing. This is another
sign of subacromial impingement. Unfortunately, scrutiny of
this injection technique’s accuracy has shown a high rate of
infiltration into other surrounding structures, thereby limiting
the value of this adjunctive clinical tool.?*

Range-of-motion testing usually reveals no restriction in
passive motion assessment, although pain may limit active
motion. Restriction may suggest the presence of concomitant
or masquerading adhesive capsulitis. Clinical evaluation of
the individual cuff muscles has been described.?! Integrity of
the supraspinatus involves testing the arm against resistance
when positioned in the plane of the scapula at 90 degrees of
forward elevation. Testing with the thumb pointed down and
up have both been described. The infraspinatus is best examined
by evaluating the strength of the shoulder in external rotation,
with the arm positioned at the side. Since the infraspinatus
accounts for the majority of strength in this position, weak-
ness or pain implicates this muscle. The infraspinatus and
teres minor can be examined together with strength testing
of external rotation with the arm at 90 degrees of abduction.
Subscapularis tendon involvement can be assessed by per-
forming the lift-off test or the belly-press test. In the lift-off
test, the arm is placed behind the patient’s back, and the
patient is asked to lift it away. The inability to do so suggests
a tear of the subscapularis. The belly-press test may be more
reliable, however, because it does not rely on patients’ ability
to place the arm behind their back, a painful maneuver for
many patients regardless of pathology. In the belly-press test,
patients are asked to place their hand on their belly and bring
their “wing” forward while keeping the wrist straight. Inability
to do so suggests a subscapularis tendon tear.!!

Diagnostic tests for internal impingement are fraught with
even greater difficulty. A number of physical exam tests have
been described, but independent evaluation has failed to con-
firm the accuracy as typically observed by the doctor describing
them. The diagnosis of subcoracoid impingement relies on
local tenderness about the coracoid, and pain elicited upon
adducting the flexed shoulder across the body, reproducing
the patients’ symptoms.>*

With the exception of acute traumatic cuff ruptures, initial
treatment for cuff pathology is usually nonoperative. Physical
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therapy programs usually focus on the restoration of normal
motion, limiting provocative activities to the cuff, and empha-
sizing strengthening of the scapular rotators (and eventual
cuff).? There is also a considerable role for analgesics (non-
steroidal antiinflammatory medications) and judicious use of
corticosteroid injections. Surgery is appropriate when symp-
toms are refractory to nonoperative management, patient
impairment, or both. Surgically correctable lesions may
include partial or complete rotator cuff tears, labral injuries,
and biceps pathology.

Imaging

Plain radiographs are of great value in the patient with cuff
symptoms. A “true” AP view in the plane of the scapula rules
out the presence of glenohumeral arthritis or calcific deposits,
as well as permitting assessment of the subacromial space.
When narrowed beyond 6 mm, there is probably caudal migra-
tion of the humeral head, indicative of a large and possibly
irreparable tear of the rotator cuff.?** An axillary view helps
evaluate the glenohumeral joint to exclude glenohumeral
arthritis and demonstrates an os acromiale if it exists. An outlet
view is important to help determine acromial morphology,
with those patients demonstrating a considerable “hook” or
spur (type III acromion) potentially more likely to have cuff
pathology (and potentially require surgical “decompression”
of the spur).?* A “Zanca” view, in which an AP of the shoulder
is directed at the AC joint, tilting it 10 degrees cephalad, dem-
onstrates any arthritis of the AC joint, which occasionally
causes or contributes to cuff problems.**

Ultrasound has been recently applied to evaluation of the
rotator cuff, with some studies suggesting a high accuracy
rate.”” Unfortunately, despite the fact that it has proven an
effective and relatively inexpensive cuff and biceps evaluation
technique, it is extremely operator-dependent. Furthermore,
accuracy in capsulolabral imaging has not been demonstrated.
These current shortcomings limit the utility of ultrasound for
shoulder evaluation.

Magnetic resonance imaging, however, has proven to be
of considerable value. It remains the diagnostic test of choice
for most authors, and is commonly included in the diagnos-
tic workup of suspected cuff pathology. It is appropriate in
patients who have failed nonoperative treatment, present with
acute trauma, pain and weakness, or in cases in which there is
some diagnostic uncertainty. In younger throwing athletes for
whom return to play may be a factor, earlier MRI is likely to
be considered.

Magnetic resonance imaging evaluation of the rotator cuff is
best performed using T1 and T2 images in the oblique coronal
and oblique sagittal planes. T1 fat-suppressed, T1 spin-echo,
T2 FSE fat-saturated, and proton-density sequences are neces-
sary to fully assess the cuff.?**2*! The addition of intraarticular
gadolinium may assist in the diagnosis of partial articular-sided
tears, more accurately determine cuff tear size, and help identify
any associated labral pathology.?*>-#
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Rotator cuff tendinopathy is indicated by increased signal
within the substance of the cuff on the T1 and T2 images.
Partial cuff tears are indicated by increased signal extend-
ing to the articular side or bursal side of the cuff, and in the
case of intraarticular gadolinium, the presence of contrast
material extending into the cuff undersurface. Full-thick-
ness rotator cuff tears show lack of integrity of the tendon,
typically near the insertion site. Fluid present on both the
glenohumeral and subacromial side usually suggests com-
munication and indirectly, a likely cuff tear. Axial MRIs are
important to assess the subscapularis and to demonstrate the
presence of long head biceps rupture or subluxation. Sagittal
views help assess acromial morphology similar to those seen
with plain x-rays. Computed tomography and MRI have
both been evaluated for muscle atrophy and fatty infiltration,
which may help guide clinical decision making in terms of
cuff reparability.?>>24

In the overhead-throwing athlete, MRIs must be interpreted
in conjunction with a thorough clinical evaluation. Up to 93%
of these patients demonstrate some abnormality by MRI, but
most of them are asymptomatic.?**?*7 Magnetic resonance
imaging findings consistent with internal impingement are
common, and include increased signal within the supraspinatus
and infraspinatus tendons, partial-thickness cuff tears, cystic
changes in the superolateral humeral head, and posterosupe-
rior labral degeneration.?*® It is important to distinguish poten-
tially incidental observations by comparing them with actual
clinically relevant findings. For this reason, many authors
have advocated MRA and utilizing the ABER position during
imaging in this patient population.

Magnetic resonance imaging may have value in assessment
of coracoid impingement. Several recent studies have examined
the interval between the coracoid and lesser tuberosity. 2249230
This likely requires positioning of the shoulder in internal
rotation, the position in which this condition occurs. Thus,
if ordering an MR for the purpose of evaluating for coracoid
impingement, the study ought to be ordered with the shoulder
so positioned.

In evaluating the rotator cuff, multiple studies of conven-
tional MRI have demonstrated a sensitivity and specificity of
around 90%.%'?? Magnetic resonance imaging more accu-
rately detects full-thickness tears than partial-thickness tears.
Magnetic resonance arthrography has been compared favorably
with MRI in diagnosis of partial-thickness cuff tears, spe-
cifically articular-sided tears, as well as full-thickness tears.
Toyoda et al.,* in a direct comparison between MRI and
MRA, found a sensitivity of 90.2% for MRI and 100% for
MRA in detection of full-thickness tears. Furthermore, they
found that MRA more accurately estimated the size and mor-
phology of the tear when compared to intraoperative findings.
Meister et al.>** demonstrated 84% sensitivity and 96% speci-
ficity in diagnosis of articular-sided partial-thickness tears
with MRA. Subscapularis tears are also well visualized with
MRA, with a sensitivity of 91% and specificity of 79% to 86%
in a study by Pfirrmann et al.>>
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Magnetic resonance arthrography with the arm in the
ABER position may increase the accuracy in detecting and
characterizing partial-thickness tears. Tirman et al.>>* found an
increased rate of detection of articular-sided partial infraspi-
natus tears with imaging in the ABER position in overhead-
throwing athletes. Lee and Lee*® found that ABER MRA
views detected the horizontal component of partial-thickness
articular-sided tears 100% of the time, whereas oblique coronal
MRA views detected such tears 21% of the time.

When rotator cuff pathology is discovered, biceps tendon
pathology should also be suspected. Chen et al.>> reported a
76% incidence of biceps tendon pathology in surgically con-
firmed case of complete rotator cuff tears. Magnetic resonance
imaging and MRA can help detect biceps pathology prior to
surgery. Beall et al.> reported 52% sensitivity and 86% speci-
ficity of unenhanced MRI in detection of biceps pathology
in the presence of rotator cuff pathology. Identifiable biceps
tendon pathology was strongly associated with subscapularis
tendon tears. The use of MRA significantly increases the sen-
sitivity for detection of biceps pathology.

Overall, many studies have shown that MRI has demon-
strated a high sensitivity and specificity in the detection of
rotator cuff pathology. Magnetic resonance arthrography may
be used to improve the diagnostic accuracy, especially in the
detection of partial-thickness articular-sided tears, and evalu-
ation of concomitant capsulolabral injury. Utilizing the ABER
position for MRA may further increase the ability to detect
and characterize partial-thickness tears of the infraspinatus.

Muscle and Tendon Injuries

Pectoralis Major Injury

Injury to the pectoralis major musculotendinous unit occurs
infrequently, usually when the muscle is at maximal tension
and subjected to additional stress. This occurs in weight-lifters
during the bench press or may occur with direct blows, such as
in a football tackle. Patients describe the appropriate mecha-
nism, and often feel a “pop” followed by intense pain. Tears
may be partial or complete and can typically be detected by
history and physical exam. Ecchymosis, swelling, and, in cases
of complete rupture, deformity may be present with abnormal
contour of the retracted muscle. The anterior axillary fold may
be webbed with the arm at 90 degrees of abduction. Active
contraction of the shoulder in adduction, internal rotation, and
forward flexion is painful or weak.>*

Ruptures of the pectoralis major may occur in the substance
of the muscle, at the musculotendinous junction, or at the ten-
dinous insertion lateral to the biceps tendon on the proximal
humerus. The tendinous insertion consists of the clavicular
head, which inserts more distally, and the sternal head. Com-
plete ruptures are rare, and typically occur at the bone—ten-
don junction. Partial tears may be characterized as high grade
(over 50%) or low grade (under 50%). Optimal treatment of
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these injuries depends on the type of tear that is present. Low-
grade partial tears and tears of the muscle belly tend to do well
with nonoperative management, whereas high-grade partial
and complete tears have been shown to have better functional
and cosmetic outcomes with surgery. Operative treatment in
athletes allows for quicker return to sports, and surgery per-
formed within 8 weeks of injury yields better results than
delayed surgical repair.>

Determining the type and location of injury is important in
clinical decision making. In cases of complete rupture, physi-
cal exam is usually sufficient. Plain radiographs are indicated
to rule out (uncommon) bony avulsion injury. Ultrasound has
been used with some success in accurately determining the
location of the injury.?*® However, MRI is the imaging modal-
ity of choice because it offers excellent detail of the soft tis-
sues, permits assessment of the location and degree of the tear,
and is readily available. Axial images are useful in examin-
ing the normal insertion, which is consistently identifiable
between the quadrilateral space and the deltoid tuberosity.?®
The tendinous insertion and musculotendinous junction are
best visualized on axial images, but coronal images may be
useful to determine the grade of partial tears. Acute injury is
best seen as increased signal on T2 sequences because hema-
toma may be isointense with muscle on T1.%%! T1 images are
useful in evaluation of chronic tears.

Multiple authors have examined the diagnostic utility of
MRI in diagnosis of pectoralis major injuries. Connell et al.?!
performed MRI in 15 patients with clinically suspected pec-
toralis major injuries. Primary repair was performed in nine
patients with apparent injuries of the tendinous insertion,
and the injury as seen on MRI was confirmed at surgery in
every case. Zvijac et al.*®> compared clinical diagnosis with
MRI results in 27 patients with pectoralis major injuries. The
MRI findings more accurately diagnosed the pathology, and
showed that clinical exam often overestimated the severity of
the injury. The MRI findings changed the treatment plan in
three patients from operative to nonoperative when less sig-
nificant injury was shown.

Neurologic Injuries

In evaluating athletes and active patients with complaints of
shoulder pain, clinicians must consider neurologic etiologies
in the differential diagnosis. Though rare, injuries to the bra-
chial plexus and axillary nerve may simulate other pathology.
Other neurologic entities include brachial neuritis and supra-
scapular nerve compression (secondary to cyst formation in
the spinoglenoid notch). An MRI is a useful tool in diagnosis
or exclusion of these conditions.

Brachial Plexus

Brachial plexus injuries most often occur in contact and col-
lision athletes. The mechanism of injury is usually a direct
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compression or stretch. This injury, referred to as a “burner”
or “stinger,” causes acute unilateral weakness, pain, and sen-
sory changes in the affected extremity. This is typically a tran-
sient neuropraxia, and usually resolves within several minutes.
However, weakness of the deltoid or rotator cuff muscles may
occur days later, and other symptoms may also persist. In the
event that symptoms do not resolve, diagnostic testing is indi-
cated to evaluate for injury to the brachial plexus.?> Nerve
conduction studies and MRI assist in determining the level
and severity of the lesion. An MRI is particularly useful in
identifying nerve root avulsion injuries.?**

Brachial neuritis, also known as Parsonage-Turner syndrome,
may be clinically confused with rotator cuff or labral pathology.
Brachial neuritis is idiopathic, and usually presents with sudden
onset of neuritic pain accompanied by weakness. Physical exam
demonstrates atrophy with hollowing out of the supraspinatus
or infraspinatus fossa, although other muscle groups may be
involved. The syndrome is usually self-limited, with resolution
of pain within a few weeks, but recovery of muscle mass and
strength can take a long time and may be incomplete. Specific
MRI findings make this the diagnostic study of choice, with
marked edema of muscles innervated by the involved nerves
on T2 images.”" Electrodiagnostic tests have also been found
useful both diagnostically and prognostically.

Axillary Nerve

Axillary nerve injury is the most common neurologic sequela of
anterior shoulder dislocations, occurring in 5% to 54%, depend-
ing on the method of assessment (physical exam vs. EMG).2%
The axillary nerve courses from anterior to posterior through
the quadrilateral space, which is defined superiorly by the teres
minor, inferiorly by the teres major, medially by the long head
of the triceps, and laterally by the shaft of the humerus. It inner-
vates the teres minor and deltoid muscles. It courses along with
the posterior humeral circumflex vessels. In this anatomic posi-
tion, the nerve may be subject to compression by fibrous bands
or paralabral cysts, leading to a clinical syndrome known as
quadrilateral space syndrome.”®’ Patients with this syndrome
present with complaints of poorly localized shoulder pain and
paresthesias, and may have tenderness over the quadrilateral
space. The vague nature of the signs and symptoms and the rar-
ity of the condition combine to make this a difficult diagnosis,
easily confused with rotator cuff pathology or impingement.
Some authors have found arteriography useful in demonstrat-
ing constriction of the posterior circumflex humeral artery with
the arm in the ABER position.?®® Electromyographic studies
may show denervation of the deltoid, and nerve conduction stud-
ies may reveal slowed conduction through the axillary nerve.?’
However, the presence of specific MRI findings and the nonin-
vasive nature of the test have made MRI the diagnostic tool of
choice for this syndrome. Magnetic resonance imaging shows
selective atrophy of the teres minor, which is seen as reduced
volume or fatty infiltration of the muscle on oblique sagittal
spin-echo T1 images. Diffuse increased signal on oblique sagit-
tal T2 fat-suppressed images is also seen, which is indicative of
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neurogenic edema.’® The deltoid muscle may also be involved.
These findings contrast with MRI findings of brachial neuritis,
which involve muscles innervated by other nerves. In addition to
the findings in the teres minor and deltoid, any space-occupying
lesion that could be causing the syndrome, such as a paralabral
cyst, can be easily visualized by MRI.

In the absence of identifiable compression from an extrinsic
mass (paralabral cyst), treatment for quadrilateral space syn-
drome is nonoperative, with expectant spontaneous resolution
in most cases. In those refractory to nonoperative manage-
ment, or in which there is compression due to mass effect
from a paralabral cyst, surgical intervention can be successful.
Treatment involves arthroscopic debridement and possible
repair of the inciting labral pathology, and cyst decompres-
sion. In the absence of identifiable mass, fibrous bands in the
quadrilateral space are debrided.

Suprascapular Nerve

The suprascapular nerve, a branch of the superior trunk of the
brachial plexus, innervates the supraspinatus and infraspinatus
muscles, in addition to providing sensory fibers to the acro-
mioclavicular and glenohumeral joints. It travels through the
suprascapular notch underneath the transverse scapular liga-
ment, through the supraspinatus fossa, spinoglenoid notch, and
deep to the infraspinatus in its fossa. The nerve may be injured
or compressed along its course, most commonly beneath the
transverse scapular ligament or at the spinoglenoid notch in
association with labral pathology and a spinoglenoid cyst.
This nerve can also be injured from fractures, shoulder dislo-
cation, or iatrogenic injury during surgery. Suprascapular nerve
entrapment is often not appreciated until visible atrophy of
the supraspinatus or infraspinatus has developed. Symptoms
include vague shoulder pain and weakness, with physical
exam findings of atrophy and/or weakness. Although electro-
diagnostic tests (EMG and nerve conduction velocity) can aid
in the diagnosis, MRI is the study of choice due to its ability
to identify a compressive mass (typically a ganglion cyst).?”
Additionally, MRI permits evaluation of associated labral
pathology and occasionally tears of the rotator cuff.

Ganglion cysts are easily visualized by increased signal on
coronal, sagittal, and axial T2 images. Uncommon other causes
of suprascapular nerve entrapment include synovial sarcoma,
Ewing’s sarcoma, chondrosarcoma, metastatic carcinoma, and
posttraumatic hematoma. Ganglion cysts may spontaneously
resolve, although surgical intervention to arthroscopically
decompress the cyst and address any labral pathology is prob-
ably the most common approach.

Miscellaneous

Glenolabral Articular Disruption Lesions

The glenolabral articular disruption (GLAD) lesion was first
described by Thomas Neviaser?’! in 1993 as a superficial tear
in the anteroinferior labrum associated with articular cartilage
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injury. Patients typically present with a history of trauma and
nonspecific shoulder pain. Instability is an uncommon com-
ponent of the presentation. The MRI appearance of the GLAD
lesion may be similar to that of a Bankart lesion. The inferior
glenohumeral ligament, however, is intact. Magnetic reso-
nance arthrography in the ABER position may increase study
sensitivity.?”? Often these lesions are appreciated arthroscopi-
cally for persistent symptoms that are refractory to nonopera-
tive treatment.

Adhesive Capsulitis

Originally described by Julius Neviaser?”? in 1945, adhesive
capsulitis, also known colloquially as frozen shoulder, is an
idiopathic process of shoulder pain and stiffness. The process
has been divided into clinical stages, beginning with an initial
inflammatory painful phase (stage 1), in which there is no
identifiable motion restriction. In stage 2, ongoing inflamma-
tion is accompanied by progressive restriction in motion in
all planes. During stage 3, inflammation and pain typically
resolve, with stiffness the hallmark of presentation. Finally, in
stage 4 the shoulder thaws, with near-complete resolution of
symptoms and restoration of motion. Each of these stages varies
in duration, and may take up to year or more to resolve.?’

Physical exam findings vary depending on the stage. Diag-
nosis of this condition is clinical based on presentation and
physical findings. Diagnostic imaging is useful only in exclud-
ing other possible conditions. Because of acute pain in the
initial presentation, diagnosis of calcific tendonitis, shoulder
sepsis, and brachial neuritis must be considered. Plain x-rays
are otherwise unhelpful. Likewise, MRI has no real value in
establishing or confirming the diagnosis, with the exception in
the early inflammatory phase of effusion in the glenohumeral
joint. Magnetic resonance imaging and MRA findings include
increased capsular thickness in the axillary recess, increased
thickness of the rotator interval including the coracohumeral
ligament, obliteration of the fat triangle between the coraco-
humeral ligament and coracoid process, and decreased
volume of the axillary recess.?’>2"

Because the disorder is considered self-limiting in most
patients, treatment is nonoperative in the form of activity
modification, analgesic management (including intraarticular
corticosteroid injection in the initial painful phases), and gen-
tle physical therapy to restore mobility in the latter stiff and
thawing phases. Rarely, persistent stiffness requires operative
intervention, including manipulation and usually adjunctive
arthroscopic capsular release.

Acromioclavicular Pathology

The acromioclavicular (AC) joint is commonly injured in
athletes, especially in contact or collision sports. An AC insta-
bility can result from disruption of the capsule, extracapsular
ligaments (the conoid and trapezoid), and the surrounding
clavipectoral fascia. Acromioclavicular degeneration can develop
as age-related or posttraumatic pathology, and may represent
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part of the spectrum of subacromial impingement and rotator
cuff pathology. Distal clavicular osteolysis can occur as an
atraumatic process that represents a stress failure syndrome of
the distal clavicle, or in response to a single traumatic event.

Diagnosis of AC pathology relies on clinical evaluation
and plain radiographic studies. Magnetic resonance imaging
does not contribute to diagnosis or affect treatment of these
injuries. It can demonstrate degenerative changes in the AC
joint, and can identify arthritis in this joint earlier than can
plain radiographs.?’”” However, degenerative changes can also
be seen by MRI in a large proportion of young, asymptomatic
patients,?”® and so clinical correlation is critical. Acromiocla-
vicular joint cysts associated with degenerative changes may
present as a mass, raising concern of malignancy. Magnetic
resonance imaging can demonstrate the degenerative nature
of these cysts.?”®

Distal clavicular osteolysis develops in about 6% of patients
after AC joint injury.” Plain radiographs may show osteopenia in
the distal clavicle, joint space widening, and articular erosions,
but may also be equivocal. When this diagnosis is suspected in
patients with chronic AC pain with normal radiographs, MRI
can be helpful. Magnetic resonance imaging findings include
soft tissue swelling, bone marrow edema in the distal clavicle,
cortical irregularity associated with periarticular cyst-like ero-
sions, joint space widening, clavicular periostitis, and marrow
edema in the acromion.?®!

Treatment of AC instability is nonoperative for mild injuries.
More significant injures can be treated with a variety of
surgical reconstruction procedures. The painful AC joint may
require resection of the distal clavicle if conservative mea-
sures are ineffective.

Conclusion

General indications for MRI or MRA include patients in
whom symptoms persist despite appropriate nonoperative
treatment, situations in which clinical decision making may
be influenced, and cases of diagnostic uncertainty or concern
of malignancy. With these exceptions, MRI can be inappropri-
ately utilized as an extension of the clinical workup. Because
MRI findings are often incidental, their interpretation must be
considered in the context of the clinical presentation. In ath-
letes with suspected labral or cuff pathology, the addition of
intraarticular gadolinium contrast will likely improve imaging
sensitivity and accuracy. The ABER sequences are invaluable
in examining internal impingement and cuff pathology in the
overhead-throwing athlete.
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A. Radiologic Perspective: Magnetic Resonance Imaging Evaluation
of Sports-Related Injury to the Elbow

Romulo Baltazar, Benjamin May, and Javier Beltran

Injury to the myotendinous, ligamentous, osseus, and nervous
structures of the elbow can result from acute macrotrauma or
recurrent microtrauma. Acute macrotrauma primarily results
from direct impact of the elbow with the ground, collision of
an outstretched hand with the ground, or high intensity move-
ment involving the elbow joint in an unconditioned individual.
Recurrent or chronic repetitive microtrauma to the elbow is
usually the result of either eccentric overuse of the extensors
of the forearm or repetitive valgus stress overload, as occurs
with overhead throwing or work-related tasks. In these set-
tings, the ability of MRI to achieve superb soft tissue con-
trast is of particular utility. It can evaluate for and distinguish
between myotendinous, ligamentous, osseus, cartilaginous,
and nervous etiologies in the athlete who presents with non-
specific symptoms.

Myotendinous Pathology

While some overlap exists, it is useful to group myotendinous
injury of the elbow according to anatomic and, consequently,
functional divisions. This approach promotes a structured
understanding of pathology about the elbow joint and empha-
sizes the parallelism that exists between form and function.
The lateral compartment of the elbow includes the supinator,
the brachioradialis, and the common tendon of the extensor
muscles of the hand and wrist, which arise from the lateral
epicondyle. The medial compartment of the elbow includes
the pronator teres and the common tendon of the flexor-prona-
tor muscles of the hand and wrist. The most commonly seen
pathology involving the tendons of the lateral and medial com-
partments of the elbow is tendinosis. This typically occurs in
the setting of chronic repetitive microtrauma, as seen in work-
related and sports-related overuse stress. Acute disruption is
also seen but less frequently and more so in the case of the
medial compartment than of the lateral compartment. The
anterior compartment of the elbow includes the biceps and
the brachialis muscles. The posterior compartment includes

the triceps and the anconeus muscles. In contrast to pathology
within the lateral and medial compartments, the most com-
monly seen pathology involving the tendons in the anterior
and posterior compartments of the elbow is rupture due to
acute macrotrauma. This usually occurs in the setting of pre-
existing changes that weaken the tendon attachments, though
the individuals may have been totally asymptomatic prior to
rupture.

Magnetic resonance imaging (MRI) offers excellent soft
tissue contrast detection and is extremely useful in diagnos-
ing and directing treatment of myotendinous injury. Myoten-
dinous injury has been characterized in terms of clinical stage
and clinical grade with the MRI appearance paralleling the
pathomorphologic changes. There are three stages of myoten-
dinous injury. In acute injury, there is disruption of the muscle
fibers and bleeding at the myotendinous juncture or avulsion
of the tendon from the bony insertion. In recurrent injury,
there are microtears at the myotendinous juncture or within
the tendon. Without an adequate period of recovery and repair,
these microtears will scar and the tendon will demonstrate
decreased flexibility and increased predisposition to reinjury.
In chronic injury, the myotendinous structures experience
progressive myotendinous mucoid degeneration and angiofi-
brotic hyperplasia.'=* This process is referred to as tendinosis
(or tendinopathy).

On MRI, tendons normally appear as smooth linear exten-
sions of uniformly very low signal on T1- and T2-weighted
images. They are prominent against a background of subcu-
taneous fat. In tendinosis, the tendon demonstrates a bulbous
morphology and increased signal on T1-weighted images and
decreased signal on T2-weighted images. A partially torn ten-
don demonstrates a focus of increased signal on T2-weighted
images.