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MR Imaging of Muscle Trauma: 
Anatomy, Biomechanics, Patho-
physiology, and Imaging 
Appearance1

Muscle is an important component of the muscle-tendon-bone 
unit, driving skeletal motion through contractions that alter the 
length of the muscle. The muscle and myotendinous junction 
(MTJ) are most commonly injured in the young adult, as a result 
of indirect mechanisms such as overuse or stretching, direct impact 
(penetrating or nonpenetrating), or dysfunction of the supporting 
connective tissues. Magnetic resonance (MR) imaging is widely 
used for assessment of muscle injuries. This review illustrates the 
MR imaging appearance of a broad spectrum of acute, subacute, 
and chronic traumatic lesions of muscle, highlighting the patho-
physiology, biomechanics, and anatomic considerations underlying 
these lesions. Concentric (shortening) contractions are more pow-
erful, but it is eccentric (lengthening) contractions that produce the 
greatest muscle tension, leading to indirect injuries such as delayed-
onset muscle soreness (DOMS) and muscle strain. Strain is the 
most commonly encountered muscle injury and is characteristically 
located at the MTJ, where maximal stress accumulates during ec-
centric exercise. The risk of strain varies among muscles based on 
their fiber composition, size, length, and architecture, with pennate 
muscles being at highest risk. Direct impact to muscle results in 
laceration or contusion, often accompanied by intramuscular inter-
stitial hemorrhage and hematoma. Disorders related to the muscle’s 
collagen framework include compartment syndrome, which is relat-
ed to acute or episodic increases in pressure, and muscle herniation 
through anatomic defects in the overlying fascia. The healing re-
sponse after muscle trauma can result in regeneration, degeneration 
with fibrosis and fatty replacement, or disordered tissue prolifera-
tion as seen in myositis ossificans. In athletes, accurate grading of 
the severity and precise location of injury is necessary to guide re-
habilitation planning to prevent reinjury and ensure adequate heal-
ing. In elite athletes, MR imaging grading of muscle trauma plays 
an increasingly important role in recently developed comprehensive 
grading systems that are replacing the imprecise three-grade injury 
classification system currently used.
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After completing this journal-based SA-CME 
activity, participants will be able to:

 ■  Recognize the typical MR imaging 
appearance of a wide range of acute, 
subacute, and chronic traumatic muscle 
disorders commonly encountered in 
clinical practice.

 ■ Understand how different types of 
muscle injuries relate to the biomechan-
ics, pathophysiology, and—most impor-
tant—anatomy of the muscle.

 ■ Describe the MR imaging findings that 
most accurately reflect the severity of 
the injury in the comprehensive grading 
systems used for guiding rehabilitation in 
the injured athlete.

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

SA-CME LEARNING OBJECTIVES

Introduction
Muscle injury is common, often occurring during sports, affect-
ing the athlete’s functional capacity and ability to continue. Acute 
muscle injuries are classified by the mechanism of injury into strain 
caused by indirect stretching, contusion after a direct blow, lacera-
tion resulting from penetrating trauma, and compartment syndrome 
arising from elevated pressure (1–4). While clinical classification 
systems primarily emphasize only acute forms of muscle trauma, 
radiologists also need to be familiar with a range of subacute and 
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obtain quantitative information in muscle injury. 
Diffusion tensor imaging can demonstrate mi-
crostructural disorganization related to damaged 
muscle tissues causing disruption of normal 
preferential diffusion along muscle tracks (5). 
A postexercise deficit in oxygen saturation that 
correlates with increased muscle compartment 
pressure can be quantified with near-infrared 
spectroscopy (6,7).

In this article, we define and illustrate the 
spectrum of traumatic muscle disorders com-
monly encountered in clinical practice, empha-
sizing MR imaging features and highlighting the 
relationship of muscle function, biomechanics, 
anatomy, and architecture to muscle trauma.

Muscle Organization and Function
The function of skeletal muscle is to act as the 
engine or “motor” driving the muscle-tendon-
bone unit, affording movement and locomotion. 
This unit is a highly organized complex of tis-
sues consisting of the following: (a) the muscle; 
(b) the myotendinous junction (MTJ), where 
muscle fibers interdigitate with the tendon and 
epimysium; (c) the tendon, which may be at the 
ends of and/or within the muscle; (d) the enthe-
sis, where the tendon attaches to the bone; and 
(e) the bone (8) (Fig 1).

Muscle tissue is organized by a stroma of 
connective tissue that wraps muscle cells to-
gether into progressively larger longitudinally 
oriented units (9). The cellular unit of muscle is 
the muscle fiber, which is wrapped by a collag-
enous envelope known as endomysium. A group 
of muscle fibers makes up a muscle fascicle, 
which is wrapped by perimysium. A group of 
fascicles makes up the muscle itself, which is 
wrapped by epimysium (Fig 2). A group of 
muscles enclosed by connective tissue fascia is 
referred to as a compartment. Muscles within a 
compartment typically have similar function in 
terms of limb movement and a shared peripheral 
nerve supply.

Failure of any component of the muscle-ten-
don-bone unit can result in breakdown of move-
ment, and the location of tissue failure varies 
depending on patient age (3). A normal healthy 
tendon is the strongest link in the muscle-ten-
don-bone unit and is rarely injured. It is only in 
older patients, after the tendon has degenerated 
and weakened, that it becomes the primary site 
of failure (Fig 3) (10,11). In the child or adoles-
cent with open physes, failure tends to occur at 
the bone, resulting in fracture, physeal avulsion, 
or periosteal injury (Fig 4). It is in the young 
skeletally mature adult with healthy tendons that 
failure predominantly occurs at the MTJ and in 
the muscle (Fig 5).

chronic injuries that can result in symptoms and 
functional limitation (Table 1).

Radiography and computed tomography 
(CT) are excellent for identifying fractures and 
soft-tissue mineralization but play a limited 
role in imaging acute muscle injury. Magnetic 
resonance (MR) imaging and ultrasonography 
(US) have excellent spatial and soft-tissue con-
trast resolution, enabling detailed evaluation of 
muscle and its connective tissue framework. US 
is widely available and affords dynamic evalua-
tion but is less sensitive for low-grade muscle in-
jury and more operator dependent. MR imaging 
is widely used for assessment of muscle trauma, 
particularly in the high-performance athlete, 
affording simultaneous evaluation of soft tissues 
and osseous structures. It plays an increasingly 
important role in grading injury severity and 
guiding return to play in the injured athlete.

Novel techniques such as diffusion tensor im-
aging and MR spectroscopy can be employed to 

TEACHING POINTS
 ■ Muscle is the motor driving the muscle-tendon-bone unit, af-

fording movement and locomotion. The location of failure in 
this unit after injury varies with age, occurring predominantly 
at the bone in younger individuals with open physes, in the 
muscle and myotendinous junction (MTJ) in young adults, 
and at the tendon in older individuals with preexisting tendon 
degeneration.

 ■ Muscle strain related to stretching is the most commonly im-
aged muscle injury, localizing to the MTJ, which has limited 
ability to tolerate forces generated during eccentric contrac-
tion. The risk of strain is highest in muscles that are large, cross 
two articulations, contain a high proportion of type 2 muscle 
fibers, and exhibit pennate architecture.

 ■ Muscle contusion caused by a direct blow to the muscle 
results in an admixture of focal hematoma and interstitial 
hemorrhage at the site of impact of variable signal intensity 
at MR imaging, depending on the stage of blood product 
degradation. Differentiation from neoplasm in patients lack-
ing a clear history of injury can be challenging; following the 
lesion to document temporal resolution is recommended in 
such patients.

 ■ The muscle wrappers consist of supporting connective tis-
sue; they organize and protect the muscle tissue but restrict 
its ability to expand. Fascial envelopes form confined muscle 
compartments that can be damaged if pressure within the 
compartment is increased. Acute compartment syndrome 
after trauma is infrequently imaged, as muscle can become 
necrotic if the condition is not promptly treated. However, 
imaging may play a role in diagnosis of chronic exertional 
compartment syndrome.

 ■ Recently, several comprehensive grading systems for muscle 
injury in athletes have been developed that incorporate MR 
imaging assessment regarding the dimensions, morphology, 
and precise location of the injury. Preliminary findings sug-
gest that these more complex grading systems afford more 
accurate prognostication regarding return to play than the 
simpler three-grade classification system typically employed 
by radiologists.
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with exertion; these resolve within minutes (14). 
Eccentric contractions generate force concen-
trations that are significantly greater than with 
concentric contractions (9,15). Moreover, intense 
eccentric exercise, even in the absence of any dis-
crete injury, can result in prolonged muscle signal 
intensity alterations.

Muscle Power
A muscle’s capacity to generate movement 
relies on its power, which is determined by its 
functional capacity for contraction as well as 
its anatomy and architecture. A muscle’s power 
depends on a host of factors, which include the 
following: (a) the composition, size, and length 
of its fibers; (b) the muscle’s size, length, and mo-
ment arm; and (c) most important, the precise 
arrangement by which a muscle’s fibers interface 
with its tendon.

The dominant skeletal muscle fiber types are 
type 1 (slow twitch) and type 2 (fast twitch). 
Type 1 fibers exhibit lower power but contain 
more mitochondria and myoglobin, affording 
tremendous capacity for repetitive and extended 
periods of contraction (11). Type 2 fibers display 
higher power for short bursts of activity owing to 
a greater number of glycolytic enzymes but can-
not function for long durations and have a lower 
threshold for injury (11,16). Regardless of fiber 
type, longer fibers exhibit a greater capacity to 
shorten and lengthen. A larger number of fibers 
generates a stronger contraction force; hence, con-
traction power is proportionate to muscle size (9).

A muscle’s moment arm is defined as its effec-
tiveness in generating movement over a distance. 
This is determined by the muscle’s length, its 
attachment angle to the bone, the position and 
range of motion of the bone/joint being moved, 
and the number of joints crossed by the muscle. 
A muscle with a long moment arm needs to 

Muscle Contraction
Muscle drives the muscle-tendon-bone unit through 
contractions that alter its length, resulting in mo-
tion of the tendon and bone and thus the limb. At 
the microscopic level, cross-linking between actin 
and myosin filaments within sarcomeres residing 
in muscle fibers initiates a chain of forces result-
ing in fiber lengthening or shortening (11).

There are three types of contraction, depending 
on how muscle fiber length is altered as it encoun-
ters a resistive load (11,12). In concentric exercise, 
such as lifting a weight, the muscle shortens as its 
force exceeds the resistive load. In isometric exer-
cise, the forces of contraction and resistive load are 
equal and there is no change in muscle length. In 
eccentric exercise, such as controlled lowering of a 
weight, muscle force is less than the resistive load 
and the muscle actively lengthens.

Compared with eccentric exercise, concentric 
and isometric exercise are associated with recruit-
ment of more muscle units and higher energy ex-
penditure, oxygen utilization, and lactate produc-
tion (13). Transient mild increases in T2 signal 
intensity immediately after vigorous concentric 
exercise parallel known increases in water content 

Table 1: Classification of Muscle Injury

Presentation Trauma Mechanism Injury

Acute Indirect Myotendinous junction (MTJ) strain

Direct Contusion with acute hemorrhage
Laceration

Related to fascia Acute compartment syndrome
Delayed/ 

subacute
Indirect Delayed-onset muscle soreness (DOMS)
Direct Subacute hematoma

Chronic Indirect Disordered healing with fibrosis/atrophy

Direct Chronic hematoma
Myositis ossificans

Related to fascia Chronic exertional compartment syndrome (CECS)
Muscle hernia

Figure 1. Diagram of the muscle-tendon-bone unit. Skeletal 
muscle (*) powers the unit, shortening and lengthening to ini-
tiate and control movement. Muscle fibers interdigitate with 
the free tendon at the MTJ (arrows). The tendon attaches to 
the bone at the enthesis (arrowheads). A collagen framework 
(blue) covers the muscle fibers, fascicles, and muscle itself.
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generate more force to produce the same angu-
lar displacement as one with a shorter moment 
arm (9,12). Long muscles, particularly those that 
cross two articulations, have longer moment arms 
and therefore generate more force (16).

Muscle power is greatly influenced by archi-
tectural organization, with the highest forces 
generated by muscles that have muscle fibers 
inserting on the tendon at an angle (12,17). It is 
the long powerful pennate muscles of the lower 
extremity, particularly those that cross two joints 
and have a high proportion of type 2 fibers, that 
are at highest risk for muscle strain.

Indirect Injury

Muscle Strain
Strain is an acute indirect muscle injury that oc-
curs during activity, typically related to excessive 
stretching of a contracted muscle during eccen-
tric exercise while engaged in sports that empha-
size speed and power, such as soccer, American 
football, rugby, and track and field (18). Some 
authors prefer the term tear rather than strain for 
such injuries, noting that strain is often applied 
indiscriminately to a range of muscle injuries that 
vary in etiology and pathophysiology (2). Strain is 
the most common injury resulting in lost play-
ing time in professional athletes, sidelining over 
one-third of soccer and football players during a 
typical season (2,19).

Strains have traditionally been divided into 
three grades based on clinical severity. Grade 1 
is a mild injury resulting in pain without loss of 
range of motion and function, so that the athlete 
is able to continue activity soon after the injury. 
Grade 2 is a moderate injury with loss of muscle 
strength and range of motion. Grade 3 is a severe 
injury, typically related to a complete tear, with 
loss of function (20,21). Grading of muscle 

Figure  3.  Bilateral traumatic tears of the hamstring tendons 
at their ischial origins in a 46-year-old former track athlete who 
slipped on wet grass. Large-field-of-view coronal T2-weighted 
fat-suppressed MR image of the pelvis shows bilateral avulsions 
of the hamstring tendons from the ischium. On the right, there is 
considerable proximal retraction of the semimembranosus and 
conjoint tendons (straight arrows) with surrounding edema/
hemorrhage. The underlying tendons are thickened and irregu-
lar, related to degenerative tendinosis. On the left, there is also 
a complete tear of the hamstring tendons (curved arrow), but 
there is only mild proximal retraction of the torn tendon ends 
and less pronounced underlying tendinosis and adjacent edema.

Figure 2. Collagen framework of muscle. 
(a) Anatomic cross section in the axial plane 
through the right shoulder shows the collag-
enous tendon of the subscapularis within the 
muscle belly (black arrow). Fine collagenous 
tendon fibers are seen interspersed within the 
deltoid muscle (white arrows), forming its fi-
brous framework. The collagenous epimysium 
covering the muscle is well visualized as a sil-
very band on the surface of the posterior del-
toid muscle (arrowheads). (Courtesy of Donald 
Resnick, MD, University of California, San Di-
ego, Calif.) (b) Photomicrograph of histologic 
specimen shows the epimysium (*) at the mus-
cle surface. Individual muscle fibers are seen in 
cross section with their characteristic eccentric 
nuclei (arrows). (Hematoxylin-eosin stain; origi-
nal magnification, 3200.) (Courtesy of Gabriel 
Varela, MD, Hospital Pablo Tobón Uribe, Medel-
lín, Colombia.)
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injury is evolving and is discussed further at the 
end of this article.

Myotendinous Junction.—The majority of strain 
injuries take place at the MTJ, where muscle 

Figure 4. Avulsion fracture of the anterior superior iliac spine after a skating injury in a skel-
etally immature adolescent boy. (a) Anteroposterior radiograph of the left hip shows a subtle 
thin, curvilinear avulsed bone fragment (arrowheads) below the anterior superior iliac spine. 
(b) Sagittal T2-weighted fat-suppressed MR image of the hip shows complete avulsion of the 
sartorius tendon (arrows), as well as the adjacent tensor fascia lata and gluteus medius fascia 
(arrowheads). The avulsed tissues are displaced inferiorly from the iliac brim, with fluid filling 
the gap (*). Note the intramuscular edema/hemorrhage in the gluteus medius muscle dissect-
ing along the course of its muscle fibers. The bone fragment is difficult to appreciate at MR 
imaging, blending imperceptibly with the low-signal-intensity tendon.

Figure 5.  Gastrocnemius strain injury in a 33-year-old man. Coronal (a) and axial (b) proton-
density–weighted fat-suppressed MR images of the left calf show a moderate-grade MTJ strain 
of the lateral gastrocnemius (black arrows in a) and a low-grade strain at the distal MTJ of the 
medial gastrocnemius (white arrow). The myotendinous injury of the lateral gastrocnemius 
shows irregularity of the tendon with edema in the adjacent muscle and tracking along the 
fascicles, resulting in a feathery pattern. Note the thin layer of fluid on the surface at the distal 
tip of the medial gastrocnemius overlying its superficial tendon.

interdigitates with collagen, allowing force to 
be transferred from the muscle to the tendon 
(22,23). The MTJ is a specialized region where 
fingerlike processes from the muscle increase the 
muscle’s contact surface area with the tendon 
by 10-fold, dissipating energy over a larger area, 
thereby decreasing focal stress accumulation 
(24). Despite its specialized anatomy, the MTJ 
exhibits less capacity for energy absorption than 
muscle and tendon (16). In animal models, the 
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Figure 6. Complete tear of the rectus femoris at the MTJ in a 45-year-old male soccer 
player. (a) Sagittal proton-density–weighted MR image of the left thigh shows a com-
plete tear of the distal MTJ of the rectus femoris muscle, with a fluid-filled gap (arrow) 
between the retracted muscle and the distal free tendon. (b) Axial T1-weighted MR im-
age obtained through this gap shows high signal intensity (arrow) related to subacute 
hemorrhage replacing the torn tissues.

Figure 7. Muscle architecture, or the physical arrangement of muscle fibers, affects the muscle’s ability to produce 
movement and generate force. (a, b) The fibers of parallel muscles run along the long axis of the muscle and can be 
either strap (a) or fusiform (b) in configuration. Strap muscles have less prominent but broadly attaching tendons, 
while fusiform muscles have tapering tendons at both ends. The tapering at the end of a fusiform muscle results in 
a smaller area of concentrated force. (c–e) Pennate muscles have one or more tendons inserting into and extending 
most of the length of the muscle, with muscle fibers inserting onto the tendon at an angle along a long length of 
the tendon. The tendon, and therefore the MTJ, is located peripherally in a unipennate muscle (c) and centrally in 
a bipennate muscle (d). (e) A multipennate muscle exhibits multiple discrete tendons, and injuries may be limited 
to portions of the muscle around one of its muscle-tendon units. (Courtesy of Aaron Lemieux, MD, University of 
California, San Diego, Calif.)
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average tension leading to MTJ failure is only 
20% greater than the maximum isometric tension 
normally generated during activity (24).

The MTJ is located at a variable distance 
from the bone, and the tendinous portion located 
between the bone and the MTJ is referred to 
as the “free tendon” (25). Muscles with short 
free tendons, such as the gluteus maximus and 
deltoid, appear to insert virtually directly on the 
bone, whereas muscles such as the rectus femoris, 
biceps brachii, and plantaris have free tendons 
several centimeters in length (Fig 6).

Muscle Architecture.—There is considerable 
variation in muscle architecture, altering the pre-
cise location and configuration of the MTJ, which 
are fundamental to understanding the variable 
MR imaging and US findings related to strain 
injury. Muscles are organized in either a parallel 
or pennate fashion (Fig 7). In parallel muscles, 
the fibers and fascicles are oriented parallel to 
the tendon and insert on the tendon at the end of 
the muscle via a short discrete musculotendinous 
zone. Parallel muscles exhibit larger ranges of 
excursion but produce relatively little force and 
thus are uncommonly strained (15).

Fusiform parallel muscles such as the biceps 
brachii have tendons at either end, resulting in a 

spindle-shaped appearance. Strap parallel mus-
cles such as the pronator quadratus and sartorius 
have less conspicuous tendons, giving rise to a 
band-like configuration. Injury to parallel mus-
cles typically takes place within the tendon, often 
resulting in significant muscle shortening and 
retraction (Fig 8). The rectus abdominis is a strap 
muscle, but it is subdivided by rigid transverse 
fibrous bands that restrict its motion, resulting in 
a higher risk of strain during stretching and twist-
ing than for other parallel muscles (26) (Fig 9).

In pennate muscles, muscle fibers insert on the 
tendon at an angle, termed the pennation angle. 
The interdigitation between muscle and tendon 
fibers typically takes place over several centime-
ters, either within or on the surface of the muscle, 
so the MTJ is not discrete, as it is in parallel 
muscles; rather, it is a long transition zone (27). 
Oblique attachment relative to the line of tendon 
traction results in a greater surface area for inser-
tion, allowing packing of more fibers per volume, 
giving rise to greater force. However, a portion of 
the contraction force transmitted to the tendon is 
dampened by the fiber obliquity and transferred 
to drawing the tendon and epimysium closer 
together, mitigating the change in muscle volume 
during contraction (9,17).

Pennate muscles have shorter fibers and are less 
capable of excursion, increasing their risk for strain 
during stretching. Additionally, muscle fibers with 
steeper pennation angles (ie, more perpendicular 
to the tendon) are at highest risk for strain (11).

Unipennate muscles have a peripheral tendon 
that is continuous with the epimysium, forming 
a superficial MTJ with muscle fibers inserting 

Figure 8. Complete tear of the biceps tendon in a 
54-year-old man. Sagittal T2-weighted fat-suppressed 
MR image of the elbow shows a complete tear of the 
long head of the biceps tendon. Proximal retraction of 
the muscle and torn tendon (arrows) is related to the 
biceps muscle’s parallel architecture, which allows a 
large range of excursion and shortening. This degree 
of retraction implies concomitant injury to the lacertus 
fibrosus, which normally constrains proximal migration 
of the tendon.

Figure 9. Acute muscle strain of the rectus 
abdominis in a 31-year-old man. The injury 
occurred while the patient was playing ten-
nis. Coronal T2-weighted fat-suppressed MR 
image of the anterior abdominal wall shows 
edema within the left rectus abdominis mus-
cle (arrow) related to strain injury.
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on it from one side. The tendon may be focal 
and band-like or a broad sheet-like aponeurosis. 
Unipennate strain most commonly affects the 
powerful hamstring muscles: the biceps femoris 
of the hamstring complex is the most frequently 
strained muscle in the human body, followed by 
the rectus femoris and gastrocnemius muscles 
(Fig 10) (1,2,25,27,28). Long unipennate 
muscles often have tendons at both ends of the 
muscle, with the proximal and distal tendons 
located on opposing surfaces, reversing the typi-
cal side of injury along its length from proximal 
to distal. In unipennate muscles, strain injury 
typically abuts the muscle surface and is often 
associated with fluid accumulation superficial to 
the epimysium, even after low-grade injury.

It has been suggested that differential contrac-
tion of two adjacent muscle bellies that converge on 
a common tendon formed by the blending of their 
aponeuroses predisposes them to strain injury (apo-
neurotic distraction injury) (29,30). This pattern of 
injury is common at the distal gastrocnemius and 
soleus as their aponeuroses converge to form the 
Achilles tendon (27) (Fig 11). Tennis leg injuries of 
the calf involving these muscles demonstrate fluid 
accumulation in up to 50% of cases, characteris-
tically between the unipennate gastrocnemius and 
soleus, whose aponeuroses lack adherence proxi-
mally due to the presence of an interposed plantaris 
tendon (31) (Fig 12). A prominent amount of fluid 
in such injuries can lead to overgrading of unipen-
nate strain, as it is often disproportionate to the 
degree of underlying tissue damage.

In bipennate muscles, the tendon is located 
within the muscle and the muscle fibers in-

sert onto the tendon from both sides. Because 
the MTJ is central, strains results in a feathery 
pattern of intramuscular edema with a relative 
paucity of superficial fluid, unless the injury is 
high grade (Fig 13). The term multipennate is im-
precise, as it is applied to muscles that insert via 
multiple discrete tendons, regardless of whether 
the muscle fibers attaching to these tendons are 
parallel or pennate. Injuries of multipennate mus-
cles like the deltoid, subscapularis, infraspinatus, 
and pectoralis major produce highly variable pat-
terns of injury, depending on which segments are 
injured. Segmental injuries are commonly seen at 
the pectoralis, typically related to disproportion-
ate tearing of its sternal portion (32) (Fig 14).

Figure 10. Low-grade sprain of the long 
head of the biceps femoris in a 27-year-old 
male professional athlete after a game. Axial 
T2-weighted fat-suppressed MR image of the 
left thigh shows mild muscle edema related 
to a low-grade MTJ injury of the distal biceps 
femoris adjacent to its superficial aponeurotic 
tendon, with surrounding fluid overlying the 
epimysium (arrow).

Figure 11. (a) Aponeurotic distraction injury of the 
medial head of the gastrocnemius in a 33-year-old male 
soccer player with acute onset of pain while playing. 
Longitudinal gray-scale US image of the calf shows a hy-
poechoic region (arrows) within the distal deep muscle 
fibers of the medial head of the gastrocnemius, which 
are separated from the echogenic superficial aponeu-
rotic tendon on its deep surface (arrowheads). Note the 
pennate architecture of the gastrocnemius muscle, with 
its fibers inserting at an angle along the length of the 
higher-signal-intensity collagenous tendon. (b) More 
extensive injury in a 25-year-old male soccer goalkeeper 
injured during play. Longitudinal gray-scale US image of 
the calf shows an elongated fluid collection at the MTJ 
(between cursors) with irregularity and waviness of the 
muscle fibers. There is hyperechogenicity of the injured 
muscle with crimping and irregularity of the tendon, in-
dicating that it is also damaged.
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The rectus femoris exhibits unique anatomy, 
with a unipennate peripheral component de-
rived from its direct head that encloses a central 
bipennate muscle derived from its indirect head, 
effectively a muscle-within-muscle configura-
tion. The proximal muscle has a superficial ante-
rior aponeurosis, whereas the distal muscle has a 
posteriorly located aponeurosis that arises from 
the knee (33). This complex arrangement leads 
to a variety of injury patterns involving the su-
perficial aponeuroses, the peripheral unipennate 
muscle, and/or the central bipennate muscle. 
The bulk of the muscle belly is continuous with 
the direct head and is located posterolaterally 
(Fig 15). Selective injury of the central bipen-

nate muscle leads to a bull’s-eye appearance of 
central edema after a partial tear or a degloving 
pattern with a central void related to a complete 
tear with retraction of the indirect head compo-
nent (34) (Fig 16).

Figure 12. Fluid accumula-
tion disproportionate to the 
degree of myotendinous dam-
age in a 49-year-old man with 
a tennis leg injury. Coronal T2-
weighted fat-suppressed MR 
image of the left calf shows a 
moderate-grade strain of the 
distal end of the medial head 
of the gastrocnemius (arrow), 
with a large fluid collection (*) 
between the gastrocnemius 
and soleus. The potential space 
between these muscles can 
accumulate large amounts of 
fluid even in low-grade strain. 
The plantaris tendon that nor-
mally resides in this location is 
not visualized due to a high-
grade tear.

Figure 13.  MTJ strain of the supraspina-
tus in a 30-year-old man with acute on-
set of shoulder pain while lifting weights. 
Axial T2-weighted fat-suppressed MR im-
age of the right shoulder shows muscle 
edema on both sides of the centrally lo-
cated supraspinatus tendon (arrows) re-
lated to a low-grade MTJ strain. Note the 
oblique orientation of the muscle fibers 
approaching the central tendon, typical 
of a bipennate muscle.

Figure 14. Tendon tear of the sternal head 
of the pectoralis in a man with acute right 
chest pain and swelling after bench-pressing 
a 400-lb (180-kg) weight. Oblique coronal 
T2-weighted fat-suppressed MR image of the 
pectoralis shows a complete tear of the tendon 
involving the sternal head of the pectoralis (ar-
row). There is considerable muscle edema in 
the abdominal head (*) related to the tendon 
tear. Milder edema is evident in the superior 
clavicular head (arrowhead), where the tendon 
remains intact.

Figure  15.  Strain of the direct head of the 
rectus femoris muscle in a man. Axial T2-
weighted fat-suppressed MR image of the left 
thigh shows a moderate-grade injury of the 
muscle belly of the rectus femoris continuous 
with the direct head. There is epimysial fluid 
along the flat posterior aponeurosis (arrow), 
which arises from the distal two-thirds of the 
muscle before merging distally with the vastus 
tendons to form the quadriceps tendon. The 
portion of the muscle derived from the indi-
rect head containing its central tendon (arrow-
head) is not involved.
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Delayed-Onset Muscle Soreness
Delayed-onset muscle soreness (DOMS) is 
a stretching injury caused by unaccustomed, 
prolonged, or overly vigorous eccentric exercise. 
The intensity, rather than the duration, of exer-
cise is most closely related to the risk of devel-
oping DOMS (35). While strain injuries develop 
acutely during activity, patients with DOMS 
report gradual onset of muscle pain, stiffness, 
and swelling several hours or days after activity, 
followed by spontaneous resolution within 1–2 

weeks (36). The etiology of DOMS is related to 
increases in compartment pressure and water 
content that disproportionately affect type 2 
fast-twitch fibers, with disruption of the Z bands 
of sarcomeres throughout the muscle (37). Dif-
fusion tensor imaging is particularly sensitive for 
noninvasive identification of these microstruc-
tural alterations (38). Inflammation and necrosis 
are not consistent or dominant features (39).

At routine MR imaging, muscle enlarge-
ment and increase in fluid signal intensity on 

Figure 16. Tear of the central tendon of the indirect head 
of the rectus femoris in a 16-year-old male soccer player with 
acute onset of right thigh pain while kicking a soccer ball. He 
had a palpable defect at the anterior midthigh. (a) Coronal 
proton-density–weighted fat-suppressed MR image of the right 
thigh shows undulation of the central tendon of the indirect 
head of the rectus femoris (arrowheads), with fluid surround-
ing its inferior margin and edema in the adjacent musculature. 
(b, c) Axial proton-density–weighted fat-suppressed MR (b) 
and transverse gray-scale US (c) images at the midthigh show 
edema/hemorrhage within the muscle and fluid surrounding 
the central indirect head of the rectus femoris. Note the in-
creased echogenicity and lobulation of the centrally located 
indirect head on the US image. (d, e) Axial proton-density–
weighted fat-suppressed MR (d) and transverse gray-scale 
US (e) images at a more inferior level show a fluid-filled gap 
(arrows in e) related to tearing of the distal end of the tendon, 
with lack of visualization of the tendon.
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T2-weighted images with preservation of muscle 
architecture reflect the increased intramuscular 
and interstitial fluid seen throughout the damaged 
muscle at histologic analysis (39) (Fig 17). Signal 
intensity alterations affect either a single muscle or 
a small group of functionally similar muscles, with-
out the MTJ localization typical of muscle strain or 
any architectural distortion. MR imaging find-
ings peak 3–5 days after injury, but subtle residual 
alterations can persist for up to 80 days (36).

Direct Trauma

Contusion
Contusion is an acute injury caused by a direct 
nonpenetrating blow to the muscle, typically 
affecting the anterior thigh, posterior thigh, or 
anterolateral upper arm (Fig 18). Contusion is 
second only to strain as a cause of lost playing 

time in the professional athlete. Injury severity 
is determined by the force of impact, size of the 
striking object, and the muscle’s state of con-
traction. Small objects produce more damage 
than a large or flat object, as the impaction force 
is focal rather than distributed over a broader 
extent of tissues, explaining why athletic pro-
tective padding is designed to dissipate impact 
forces over a large area to minimize injury (40). 
Muscle damage results from compression of 
muscle by the striking object and compression 
of muscle between the object and underlying 
bone (2,19,23,30).

In professional contact athletes, the most com-
monly injured muscles are the rectus femoris and 
vastus intermedius at the anterior thigh (Fig 19). 
Nonathletes typically sustain contusions related to 
a blow or fall or being thrown from a vehicle. Such 
contusions show a wider anatomic distribution.

Figure 17. DOMS in a 15-year-old boy after prolonged 
vigorous use of a twist board 2 days earlier. Axial T2-
weighted fat-suppressed MR image through the left distal 
thigh shows uniform muscle edema isolated to the short 
head of the biceps femoris (arrow), associated with edema 
at the surface of the muscle, overlying fascia, and sub-
cutaneous tissues. Note the uniform muscle involvement, 
without localization to the MTJ as would be expected in 
muscle strain. (Courtesy of Enrique Bosch, MD, Clinica Ale-
mana, Santiago, Chile.)

Figure 18. Contusion caused by direct 
impact with a striking object. (a) Dia-
gram shows a contusion injury to the 
quadriceps musculature. (b) Contusion 
injury in a 22-year-old man with a history 
of a direct blow to the thigh 4 weeks ear-
lier. Sagittal T2-weighted fat-suppressed 
MR image of the left thigh shows a 
poorly marginated heterogeneous mass-
like lesion within the vastus intermedius 
muscle (arrow) overlying the anterior sur-
face of the femur, related to a contusion 
injury with hematoma and surrounding 
edema. Impact when muscle is relaxed 
results in deep muscle damage adjacent 
to the bone surface, where force concen-
tration is maximal.
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Contusion results in an admixture of focal 
intramuscular hematoma and interstitial hemor-
rhage dissecting through the loosely organized 
muscle parenchyma. There may be accompanying 
injury to the subcutaneous tissues, fascia, and/or 
bone (18,41). While contusions often appear larger 
than strain injuries, fiber disruption is primarily 
limited to muscle, which heals faster than tendon, 
so the recovery time after contusions tends to 
be shorter than that after strains (2,28). In one 
large study evaluating thigh injuries in profes-
sional soccer players, contusions resulted in half 
the time lost to sport as compared with strains 
(41,42). Contusions are managed conservatively 
with cooling, elevation, compression bandaging, 
and aggressive rehabilitation (41). The utility of 
hematoma aspiration, injection with steroids or 

platelet-rich plasma, and surgery for such injuries 
remains controversial (4).

Intracompartmental Hemorrhage.—Intramuscu-
lar hematoma is easily recognized owing to local 
architectural distortion, appearing as an intramus-
cular mass of variable signal intensity depending 
on the stage of blood degradation. The evolution 
of blood degradation within intracranial hema-
toma at MR imaging is well described; muscle fol-

Figure 19. Contusion injury of 
the vastus medialis in an American 
football player who suffered a di-
rect blow to the distal quadriceps 
muscle. (a) Axial proton-density–
weighted fat-suppressed MR image 
of the left knee shows extensive 
edema in the vastus medialis mus-
cle with overlying subcutaneous 
edema in the anteromedial knee 
at the site of impact, related to a 
muscle contusion. (b) Sagittal T2-
weighted fat-suppressed MR image 
shows muscle tissue disruption (ar-
row) with intramuscular fluid within 
the muscle belly. Unlike muscle 
strain, contusion injury does not lo-
calize to the MTJ or epimysium.

Figure 20. Acute hematoma within the vastus 
medialis in a male American football player who 
was struck in the thigh by a helmet. Axial proton-
density–weighted fat-suppressed MR image of 
the left knee 6 hours after injury shows an acute 
low-signal-intensity hematoma (arrows) within 
the vastus medialis muscle, surrounded by a halo 
of muscle edema. There is diffuse subcutaneous 
edema; the underlying bone appears normal.

Figure 21. Subacute hematoma in a 48-year-old 
man with a persistent mass after a fall from a bi-
cycle several months earlier. Coronal T1-weighted 
MR image of the left hip shows a subacute hema-
toma at the interface of the fascia and subcutane-
ous fat adjacent to the greater trochanter, typical 
of a Morel-Lavallée lesion. The heterogeneity of 
the mass reflects blood in various stages of deg-
radation, with methemoglobin seen in the inferior 
portion of the lesion (arrow). The low-signal-in-
tensity rim in such lesions (arrowheads) often re-
lates to entrapment of hemorrhage between the 
deep and superficial layers of the iliotibial fascia 
rather than hemosiderin deposition.
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lows the same pattern, albeit with a more variable 
time course (43). Acute hematoma exhibits low 
T1 and T2 signal intensity related to intracellular 
deoxyhemoglobin (Fig 20). In the early subacute 
phase, deoxyhemoglobin converts to intracellular 
methemoglobin, increasing T1 signal intensity (Fig 
21). In the late subacute phase, as red cells lyse 
and methemoglobin becomes extracellular, T2 
signal intensity also increases. The final degrada-
tion products are hemosiderin and ferritin, closely 
related substances responsible for the low signal 
intensity of chronic hemorrhage.

At US, intramuscular hematoma is a key find-
ing in significant muscle tear. Acute hemorrhage 
immediately after injury produces an amorphous 
ill-defined region of hyperechogenicity that is 
easily overlooked, particularly when associated 
aponeurotic injury allows blood to escape via the 
muscle’s surface wrappers (44). Over a period of a 
few hours, the hemorrhage evolves into an an-
echoic fluid collection, which then converts over a 
period of a few days into a hypoechoic fluid collec-
tion that may contain fluid-fluid levels, septa, and/
or internal debris (29,30) (Fig 22). The resolution 

of the hematoma takes place over a period of days 
to weeks, depending on the size of the lesion.

Interstitial Hemorrhage.—Unlike brain hem-
orrhage, muscle hemorrhage often includes a 
large poorly marginated interstitial component 
that may degrade at an even more variable rate 
than focal muscle hematoma (45,46). Intersti-
tial bleeding can be substantial enough to lead 
to circulatory compromise, particularly in large 
muscles or if associated with fascial injury that 
can decompress the compartment, allowing un-
restricted bleeding (47). Interstitial hemorrhage 
results in increased girth and poorly marginated 
hemorrhage dissecting in the muscle, which can 
be mistaken for fat on T1-weighted images if it 
contains substantial methemoglobin, leading to 
underestimation of the amount of blood in the 
muscle parenchyma (48) (Fig 23).

Differential Diagnosis.—Necrotic primary neo-
plasms and hemorrhagic muscle metastases can 
contain substantial blood products and fluid-fluid 
levels, simulating a traumatic hematoma (49). 
Hematoma formation without a clear history of 
trauma or recurring hemorrhage at the same site 
should raise concern for an underlying lesion 
such as a neoplasm, vascular malformation, or 
pseudoaneurysm. In malignancies, methemo-
globin is maximal in regions of tumor necrosis, 
typically located centrally as the tumor outstrips 
its blood supply (Fig 24).

In contradistinction, it is the periphery of an 
early subacute hematoma that generally converts 

Figure 22. Large left thigh hematoma in a 53-year-old man 
who was struck by a car while riding a bicycle. (a) Longitudi-
nal gray-scale US image shows a large predominantly anechoic 
fluid collection within the vastus lateralis muscle (arrows) with 
a small amount of internal debris, consistent with a subacute 
hematoma. (b) Transverse color Doppler image confirms that 
the collection is avascular, as expected for a hematoma.

Figure  23.  Subacute hematoma in the vastus 
intermedius in a 27-year-old soccer player who 
sustained a direct blow to the thigh 2–3 weeks 
earlier with persistent pain. Axial T2-weighted MR 
image of the left midthigh shows a large subacute 
hematoma (arrows) in the vastus intermedius 
muscle adjacent to the femur, surrounded by ill-
defined parenchymal bleeding dissecting through 
the adjacent muscle tissue in a feathery pattern 
that mirrors the muscle’s interstitial planes.
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to methemoglobin most rapidly, forming a hyper-
intense rim at the edges of the hematoma (50) 
(Fig 25). There can be significant overlap in the 
appearance of hemorrhagic neoplasm and hema-
toma; US is recommended for serial follow-up of 
any equivocal hematomas to ensure resolution.

Laceration
Muscle laceration results from acute direct 
penetrating trauma by a sharp object, typically a 
pointed item such as a knife. Such injuries disrupt 
the skin, subcutaneous tissues, and fascia before 
piercing the muscle. MR imaging demonstrates 
a clearly demarcated linear defect in the muscle 
filled with blood and fluid, associated with skin 
disruption, subcutaneous edema, and soft-tissue 
gas (Fig 26). Laceration can also result from an 
internal object such as the sharp end of a fractured 
bone; in such cases, the overlying soft tissues may 
not be injured (51). Ballistic injuries and therapeu-
tic injections are not considered lacerations.

The injury is evident clinically, so the role of 
imaging in muscle laceration is limited to select 
cases for evaluation of the extent of tissue dam-
age and identification of complications such as 
neurovascular damage, retained foreign bodies, 
and secondary infection (52). Lacerations are 
typically managed conservatively. If necessary, 
surgical repair of muscle is performed for resto-
ration of function but has a high failure rate, as 
sutures pull out of muscle more readily than from 
structured tissues like tendons (53,54).

Disorders of the Connective Tissues
Disorders related primarily to the connective 
tissue fascia that organizes muscles into compart-
ments form part of the broad spectrum of muscle 

injury. The upper and lower arm are each divided 
into anterior and posterior compartments; the 
thigh is separated into anterior, posterior, and 
medial compartments; and the calf is divided into 
anterior, lateral, deep posterior, and superficial 
posterior compartments (Fig 27). The fascia sur-
rounding each compartment restricts the ability 
of its contents to expand. Expansion within a 
confined space increases compartment pressure, 
resulting in altered pressure gradients between 
the compartment and the vasculature, compro-
mising capillary and neural microcirculation, 
venous outflow, and ultimately arterial inflow, 
which results in hypoxia, acidosis, and altered cell 
permeability (55).

Figure 24. Subacute intralesional hemorrhage 
in a right thigh sarcoma in a 63-year-old man after 
radiation therapy–induced tumor necrosis. Axial 
T1-weighted MR image of the right thigh shows 
hyperintense signal reflecting methemoglobin in 
a large hemorrhagic mass in the posterior com-
partment of the thigh. Significant internal bleed-
ing can also be seen in other necrotic primary 
tumors as well as in intramuscular metastases re-
lated to renal cell carcinoma, thyroid carcinoma, 
and other hypervascular malignancies.

Figure 25.  Subacute hematoma in a 31-year-
old woman with a history of an upper arm mass 
after direct trauma. Axial T1-weighted MR image 
through the left upper arm shows a subacute he-
matoma in the brachialis muscle. The hematoma 
has a high-signal-intensity rim (arrows) related to 
peripheral methemoglobin formation, typical of 
an early subacute hematoma.

Figure 26. Stab wound to the neck in a 
30-year-old man. Axial T2-weighted MR image 
shows a large fluid-filled void in the posterior 
right paraspinal muscles (*) with sharply margin-
ated linear edges, characteristic of a penetrating 
injury. Injury of the overlying trapezius muscle 
was present on an adjacent image (not shown) 
related to angulation of the knife. The skin was 
closed and stapled before imaging.
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Untreated compartment syndrome can 
progress to muscle necrosis, resulting in muscle 
dissolution and its replacement by fat, fibrosis, 
or, less commonly, sheet-like or mass-like calcifi-
cation (56). Systemically, myonecrosis can result 
in enough release of myoglobin to cause acute 
renal insufficiency or even death. Compartment 
syndrome has numerous causes including acute 
and repetitive trauma, recent surgery, prolonged 
pressure, thrombosis, and space-occupying 
lesions within the compartment; this review 
emphasizes only traumatic causes. Posttrau-
matic compartment syndrome may be acute 
or chronic, depending on its rate of onset and 
severity.

Acute Compartment Syndrome
Acute compartment syndrome is most commonly 
seen in the lower leg after a fracture; over 70% 
of cases of acute lower extremity compartment 
syndrome are the result of a tibial or fibular shaft 
fracture, often affecting multiple compartments 
simultaneously (55). While the anterior and lat-
eral compartments of the calf are the most com-
mon sites of acute compartment syndrome, other 
locations such as the thigh, upper arm, forearm, 
and paraspinal musculature can also be affected. 
Patients classically present with the six classic 
signs of arterial insufficiency: pain disproportion-
ate to the injury, paresthesia, pallor, paralysis, 
poikilothermia, and pulselessness (53,57).

MR imaging shows diffuse compartment bulg-
ing related to muscle enlargement and intracom-
partmental hemorrhage and/or fluid. T1-weighted 
signal intensity is normal or mildly increased due 

to interstitial hemorrhage, while T2-weighted 
images typically show slightly increased muscle 
signal intensity. Administration of intravenous 
contrast material emphasizes the altered muscle 
perfusion, demonstrating peripheral enhance-
ment with central regions of hypoperfusion or 
frank liquefaction reflecting muscle necrosis 
(53,55) (Fig 28). Acute compartment syndrome 
is a surgical emergency requiring emergent 
fasciotomy, so imaging is rarely used, as it delays 
appropriate intervention.

Chronic Exertional Compartment 
Syndrome
Chronic exertional compartment syndrome 
(CECS) causes aching pain, cramping, and 
muscle tightness during exercise, typically of the 
anterior or lateral calf, and is often bilateral (58). 
Symptoms typically resolve rapidly after cessation 
of activity without structural damage, although 
rarely extreme cases can progress to acute com-
partment syndrome. Management consists of 
activity modification, with fasciotomy reserved 
for recalcitrant cases (59). The precise pathophys-
iology responsible for CECS remains unclear; 
proposed mechanisms include delayed egress of 
intracellular fluid from activated muscle fibers, 
metabolite-induced permeability alterations, and 
periosteal nerve irritation (60–62).

The clinical diagnosis of CECS is challenging, 
as periostitis, stress fracture, tendinopathy, func-
tional popliteal artery compression, and nerve 
entrapment result in similar symptoms. CECS 
is diagnosed by invasively measuring compart-
ment pressures before and after exercise. These 

Figure 27. Cross sections of the left lower leg illustrating compartment anatomy. (a) Diagram 
shows the location of the connective tissue fascia (blue lines) that separates the muscles of the calf 
into anterior, lateral, deep posterior, and superficial posterior compartments. (b) Corresponding 
axial T1-weighted MR image shows normal muscle with smooth convex outer margins and 
normal muscle architecture with interspersed high-signal-intensity fat and low-signal-intensity 
collagen. The low-signal-intensity connective tissue framework and its resultant organization of 
muscle tissue is most evident on axial T1-weighted images. The superficial fascia forming the 
compartments (arrowheads) is visible in this older patient due to mild muscle atrophy. It may not 
be clearly separable from the muscle aponeuroses in thin patients.
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measurements are most accurate if obtained 1–5 
minutes after exercise, as delayed measurements 
show considerable overlap between patients with 
CECS and asymptomatic controls (6,63). The 
value of pressure measurements has been ques-
tioned, given their lack of specificity and the wide 
variation in measured pressures related to techni-
cal factors such as catheter depth, limb position, 
and the muscle’s contractile state.

Conventional MR imaging fluid-sensitive se-
quences performed immediately after exercise have 
shown high sensitivity for detecting transient signal 
intensity alterations noninvasively (60). Increased 
muscle signal intensity on fluid-sensitive images 
may be accompanied by muscle swelling and 
fascial edema; these alterations, identical to those 
after vigorous concentric contraction, are maximal 
immediately after exercise and resolve within 30 
minutes (Fig 29). Quantitative T2 measurement, 
spectroscopy, and functional MR imaging afford 
even higher sensitivity (14,58,60,62). However, the 
specificity of imaging is not yet established. Andrei-
sek et al (58) performed T2*-weighted and arterial 
spin labeling imaging after exercise and noted iden-
tical transient changes in asymptomatic volunteers 
and patients with CECS, although the latter group 
reported greater fatigue and pain.

Muscle Hernia
Muscle hernias are the result of a fascial defect 
most commonly caused by a fracture, penetrating 
injury, or surgery, allowing muscle to protrude 
through the connective tissue (64). Less com-
monly, muscle hernia occurs at an intact but 
incompetent fascia thinned by injury, chronic 
compartment syndrome, or a congenital defect 
(typically located where the fascia is already 
attenuated by traversing vessels and/or nerves) 
(48,59). The most common location of muscle 

hernia is the anterior compartment of the calf, 
typically related to a medial defect allowing 
herniation of the tibialis anterior muscle. Other 
muscles prone to herniation include the exten-
sor digitorum longus, peroneus brevis, peroneus 
longus, and gastrocnemius (64).

Muscle hernias are typically managed conserva-
tively with support stockings. Repair of the fascial 
defect can result in acute compartment syndrome 
and is therefore rarely performed (65). In rare 
cases, herniated muscle may become incarcerated, 
necessitating urgent surgical intervention (66).

Patients with muscle hernia are typically 
young adults with a palpable mass that appears 
or enlarges during contraction, particularly in 
the upright position (65). While the diagnosis is 
often suspected clinically, imaging affords defini-

Figure 28. Unrecognized compartment syndrome in a 33-year-old woman with foot drop 
and continuous pain after a fall 1 month earlier. (a) Axial T1-weighted MR image of the left calf 
shows mild bulging and minimal signal intensity increase in the anterior muscle compartment 
and effacement of intramuscular fat in the lateral compartment. (b) Axial T1-weighted fat-sup-
pressed image after injection of intravenous contrast material shows disordered enhancement, 
with intense peripheral enhancement of the anterior (arrow) and lateral (arrowhead) compart-
ments and large areas of central nonenhancement related to hypoperfusion and myonecrosis. 
The patient was treated with fasciotomy and débridement.

Figure 29. CECS in a 30-year-old man with 
transient left calf pain during running. Axial T2-
weighted fat-suppressed MR image of the left 
calf immediately after 20 minutes of vigorous 
pedaling on an exercise bicycle shows bulging 
and mild signal intensity increase limited to the 
musculature of the anterior calf compartment (ar-
rows). Pre-exercise MR images (not shown) were 
normal. (Courtesy of George Nomikos, MD, New 
York University, New York, NY.)
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tive diagnosis and patient reassurance. The MR 
imaging appearance of muscle hernia is distinc-
tive, showing a protuberant or bulging mass with 
similar signal intensity and architecture as normal 
muscle (Fig 30). A fascial defect may be apparent 
if the hernia is large and there is adequate body 
fat outlining the fascial margins (64) (Fig 31).

MR imaging has limited sensitivity for small 
or transient hernias; US is more sensitive, as it 
allows dynamic imaging during contraction in the 
upright position (65) (Fig 32). At US, herniated 
muscle appears as a hypoechoic mass, typically 
less echogenic than normal muscle due to anisot-
ropy, atrophy, or repetitive trauma; a defect in the 
normal hyperechoic fascia may also be visible (52).

Muscle Healing
Muscle exhibits considerable regenerative poten-
tial, so the majority of muscle injuries can be man-
aged conservatively, generally with good functional 

outcomes. Muscle healing passes through similar 
overlapping stages regardless of whether the initial 
injury is caused by strain, contusion, or laceration. 
These include a brief destructive stage of hemor-
rhage and necrosis (0–2 days); an inflammatory 
stage of phagocytosis of necrotic tissue and angio-
genesis (2–5 days); a repair stage of regeneration 
and revascularization (3–60 days); and a remodel-
ing stage (3–60 days) of maturation of regenerat-
ing fibers, reintegration of newly formed tissue 
with native muscle and tendon, and organization 
of scar tissue (67,68). Satellite cells, the equivalent 
of stem cells in muscle, play a central role in this 
healing process (67).

Return to Play
In the athlete, allowing adequate healing before 
return to play is important to prevent reinjuring 
the weakened tissues. Reinjury is unfortunately 
common, occurring in up to 15% of strains, and 
generally requires a longer convalescence than 
after the initial trauma (69,70) (Fig 33). Func-
tional recovery precedes full structural recovery, so 
residual imaging alterations may be present even 
after the athlete feels healed; whether such residua 
indicate a higher risk of reinjury is unclear (1).

Determining optimal rehabilitation time is 
imprecise because multiple factors influence re-
covery, including the site, mechanism, and sever-
ity of the injury as well as the sport and position 
that the athlete plays (71). Clinical assessment 
and physical examination are poor predictors of 
return to play (71,72). While the added utility of 
imaging has been questioned, most professional 
team physicians rely on MR imaging to help 
guide rehabilitation planning (4,73,74). Normal 
imaging results after injury are predictive of rapid 
recovery, while longer recovery times correlate 
with higher MR imaging grades, with injuries 
that demonstrate more structural damage taking 
longer to heal (70,73,75).

Figure 30.  Muscle hernia in a 32-year-old male runner with a palpable mass. The patient did 
not recall any injury. Axial T1-weighted (a) and T2-weighted fat-suppressed (b) MR images 
show bulging of the anterior tibialis muscle (arrows) through the superficial fascia adjacent to 
the tibia between the superficial markers bracketing the palpable mass. On the T1-weighted 
image, note that the muscle hernia shows signal intensity and feathery interdigitating fat and 
tendinous tissue typical of muscle architecture. Slight edema is seen in the muscle hernia and 
gastrocnemius muscle, likely related to overuse.

Figure  31.  Posttraumatic muscle hernia in a 
man with a palpable mass. Axial T1-weighted 
MR image of the left thigh with superficial mark-
ers bracketing the palpable mass shows lobu-
lated herniation of a portion of the vastus latera-
lis muscle (arrowheads) through a defect in the 
normal low-signal-intensity fascia.
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The literature regarding return to play is 
primarily based on hamstring injuries in young 
male professional athletes. As early as 1993, it was 
noted that injuries exhibiting complete transection, 
greater than 50% cross-sectional involvement, MTJ 
tearing, deep damage, and intramuscular fluid col-
lections at MR imaging required longer rehabilita-
tion than smaller, more superficial injuries without 
myotendinous disruption (76). Subsequent studies 
have also demonstrated a relationship between 
number of days lost and the percentage of the 
muscle’s cross-sectional area and volume involved, 
length of MTJ signal intensity changes, and visible 
tendon damage (18,19,75,77).

Healing rates show considerable heterogene-
ity, even within the hamstring musculature; the 
biceps femoris takes longer to heal and is most 

prone to reinjury (70,77,78). Recovery times for 
quadriceps and calf injuries are similar to those 
of the hamstrings, whereas groin injuries tend to 
heal more quickly, but the number of studies fo-
cusing on these regions is limited (70). Little in-
formation is available regarding return to activity 
in recreational athletes, female athletes, children, 
the elderly, or patients with comorbidities.

Abnormal Healing
Dysfunction of satellite cells related to injury 
severity, inadequate immobilization, degraded 
immune response, aging, hypoperfusion, and/or 
altered local microenvironment leads to failure 
of the regeneration pathway, resulting in de-
generation of damaged muscle and its replace-
ment by fibrous, fatty, and/or metaplastic tissue 

Figure 32.  Muscle hernia in a 27-year-old man with a palpable calf mass exacerbated by exercise involving ankle plantar flexion. 
(a) Transverse resting US image of the left calf appears normal. (b) Transverse US image during ankle flexion shows a contour 
change, with focal bulging of the medial gastrocnemius muscle (between cursors) related to incompetence of the overlying fascia.

Figure 33.  Muscle strain followed by reinjury at the same site in a professional soccer player. 
(a) Axial proton-density–weighted fat-suppressed MR image of the left thigh after an acute 
sports injury shows a low-grade myotendinous strain of the hamstrings, with epimysial fluid 
tracking around the muscles and mild intramuscular edema. He returned to play 12 days later 
against the advice of his trainer and experienced acute pain while running. (b) Follow-up axial 
T2-weighted fat-suppressed MR image shows increased fluid in the muscle and a new region 
of architectural distortion with a fluid-filled void in the semimembranosus (arrows), indicating 
reinjury that is now moderate grade.
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(47,67). Repair of myotendinous injury is often 
incomplete, resulting in permanent deformity 
at the region of injury due to excess scar forma-
tion, visible as focal tendon thickening.

In the muscle, incomplete healing results in an 
admixture of fibrosis and regions of fatty replace-
ment of damaged muscle, which can be difficult 
to appreciate at MR imaging without comparison 
to the contralateral side if scarring is minor (Fig 
34). At US, areas of scarring appear as hyper-
echoic zones within the muscle (44). These areas 
of faulty repair exhibit increased stiffness and loss 
of compliance, which may result in long-term 
functional impairment.

Myositis Ossificans
Disordered satellite cell differentiation can cause 
intramuscular bone proliferation, a nonneoplastic 
aberration of repair termed myositis ossificans (40). 
Myositis ossificans is most common after direct 
muscle trauma, although burns, immobilization, 
and neurologic dysfunction can also incite its for-
mation. Posttraumatic ossification most commonly 
affects the quadriceps, adductor, or brachialis 
musculature of children and young adults.

Myositis ossificans initially causes active vas-
cular and cellular proliferation that appears as an 

ill-defined soft-tissue mass. Immature lesions may 
be intensely edematous and poorly defined, re-
sembling an aggressive neoplasm, or may have a 
thick enhancing rim, mimicking an abscess (79). 
Intermediate lesions exhibit a predominantly 
cellular core of active fibroblasts, resembling 
nodular fasciitis (80), before developing better-
defined margins and faint marginal calcifications, 
typically 2–4 weeks after injury. Such early calcifi-
cations are difficult to appreciate at MR imaging 
and are best demonstrated at CT (79).

Mature lesions, typically 6 or more weeks after 
injury, demonstrate the distinctive zonal orga-
nization of myositis ossificans, with a peripheral 
ring of mature ossification at its margins sur-
rounding a central cellular core (81) (Fig 35). At 
US, acoustic shadowing develops at the osseous 
interface at this stage, obscuring the center of 
the lesion. With further maturation, the cellular 
central core evolves into mature fat-containing 
marrow that is clearly recognized at MR imaging.

Grading of Acute Muscle Injury

Initial Grading Systems
Early grading systems for muscle injury were 
based solely on clinical criteria and divided 

Figure  34.  Abnormal healing in a 76-year-old 
man with a remote history of thigh strain. Axial T1-
weighted MR image shows sequelae of remote in-
jury of the rectus femoris muscle deep to the marker. 
There is fibrosis resulting in thickening at the pos-
terior aponeurosis (straight arrow). Note the fatty 
replacement of the central muscle (curved arrow) 
related to muscle degeneration and tissue loss.

Figure 35.  Myositis ossificans in a pro-
fessional soccer player who was kicked 
in the thigh 6 weeks earlier. (a) Axial T2-
weighted MR image shows a poorly mar-
ginated heterogeneous mass in the vas-
tus medialis (arrow), which disrupts the 
myotendinous tissue and is surrounded 
by poorly defined muscle edema/hem-
orrhage. There is a suggestion of a low-
signal-intensity rim, suggestive of periph-
eral fibrosis or early ossification. (b) Axial 
CT image 2 weeks later clearly shows the 
characteristic peripheral rind of ossifica-
tion pathognomonic for myositis ossifi-
cans. (Courtesy of Enrique Bosch, MD, 
Clinica Alemana, Santiago, Chile.)
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muscle injuries into three grades (1,20,82). The 
advent of US and MR imaging allowed supple-
mental objective assessment of the extent and 
precise location of injury (Fig 36). Imaging-based 
grading systems for muscle injury based on the 
extent of cross-sectional involvement of muscle 
were initially developed using US, using some-
what variable percentages of involvement for 
deciding injury grade.

One popular US grading system categorized 
injuries involving less than 20% of the muscle as 
grade 1, those involving 20%–50% as grade 2, and 
those involving greater than 50% as grade 3 (20). 
Some authors have suggested that any fluid-filled 
gap in the muscle reflects a grade 2 injury, regard-
less of the percentage involvement, as it indicates 
a macroscopic tear. Recognition of symptomatic 
injuries lacking objective imaging findings resulted 
in the addition of a grade 0 category (44).

Initial MR imaging grading systems similarly 
relied on the pattern of muscle signal intensity 
alterations for grading, dividing injuries into three 
grades, with grade 1 injuries showing only edema, 
grade 2 injuries showing architectural distortion 
with intramuscular hemorrhage and gaps in the 
tissue, and grade 3 injuries denoting complete 
disruption of the MTJ. Subsequently, a grade 0 
category was added for symptomatic injuries with-
out MR imaging findings.

Unfortunately, these early three- or four-part 
grading systems lack sufficient precision and prog-
nostic value, as injuries of various causes and differ-
ent pathophysiologies are bundled together without 
sufficient emphasis on the underlying mechanism 
and precise location of structural damage (83).

Comprehensive Grading Systems
Recently, a plethora of comprehensive grading 
systems for muscle injury have been proposed 
to provide greater precision and more accurate 
prognostication (Table 2). In 2012, the Munich 

Muscle Injury Classification was developed by 15 
international sports injury experts on the basis of 
their combined experience with over 400 thigh 
injuries in professional athletes (2). The Munich 
system separates muscle injuries into three cat-
egories: functional disorders, strain, and contu-
sion. Strain injuries are subdivided into three 
semiquantitative grades based on the diameter of 
the injury, with structural tissue loss greater than 
5 mm indicating at least a moderate-grade injury. 
The Munich system’s introduction of several 
functional muscle disorders has proved problem-
atic, as these lack strict definitions or imaging 
correlates, limiting reproducibility (20).

The Italian Society of Muscles, Ligaments, and 
Tendons (ISMuLT) classification is similar to the 
Munich system but includes a description of the 
longitudinal location of strain, separating involve-
ment of the proximal, middle, or distal muscle. 
This separation is based on observations that prox-
imal injuries at muscles such as the hamstrings 
and quadriceps take longer to heal, whereas at 
other muscles, such as the triceps, healing is more 
prolonged if the injury is distal (Fig 37) (51).

The British Athletics Muscle Injury Clas-
sification focuses on strain and divides it into 
five grades of severity—grade 0 (MR imaging 
negative) to grade 4 (complete tear)—based on a 
combination of clinical evaluation and MR imag-
ing assessment of the cross-sectional area and 
length of the injury. This system also assigns a 
letter to each injury grade on the basis of whether 
the injury is localized to the epimysium/fascia, 
MTJ, or tendon, as recovery times are shortest 
for epimysial strain and longest if there is frank 
tendon damage (25) (Fig 38).

The Barcelona soccer team and Aspetar physi-
cians have developed the MLG-R Classification, 
which divides injuries into direct and indirect, 
then subclassifies direct injuries into three grades 
according to longitudinal location (similar to 

Figure 36.  Grade 1 strain injury in a 25-year-old female soccer player with acute onset of right calf pain during 
a match. (a) Longitudinal gray-scale US image of the right gastrocnemius shows echogenic foci oriented along 
the muscle fibers adjacent to the MTJ (arrowheads) without an intramuscular fluid collection, reflecting a grade 
1 strain injury. In addition to foci of increased echogenicity, grade 1 strains can manifest with mild fiber irregular-
ity, thinning, or waviness at US. (b) Coronal short inversion time inversion-recovery (STIR) MR image rotated to 
match the US image shows feathery high signal intensity in the muscle without architectural distortion.
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Figure 39.  Reinjury at site of previous semimem-
branosus strain in an American football player. 
Axial proton-density–weighted fat-suppressed 
MR image of the left thigh shows evidence of a 
remote injury, characterized by thickening and 
fibrosis of the semimembranosus (straight ar-
row) and semitendinosus (curved arrow) tendons. 
There is mild edema in the muscle adjacent to the 
thickened tendon, related to an acute low-grade 
strain superimposed on chronic tissue damage. 
The MLG-R classification system assigns a numeric 
grade to the R suffix in strain injuries, indicating if 
there has been prior trauma to that site.

Figure  37.  Myotendinous injury of the distal 
triceps in a 29-year-old male professional ath-
lete. Axial proton-density–weighted MR image 
at the level of the right distal humerus shows 
moderate-grade injury of the medial and long 
heads of the triceps muscle, with areas of fiber 
tearing and architectural distortion abutting a 
partially torn MTJ (arrows). In contradistinction 
to the hamstrings and quadriceps, distal strains 
of the triceps take longer to heal than those lo-
cated at the proximal MTJ.

Figure 38.  Strain injury of the long head of the 
biceps femoris with damage to the tendon in a 
35-year-old male professional soccer player. Axial 
proton-density–weighted fat-suppressed MR im-
age at the right midthigh shows a muscle strain 
at the biceps femoris (straight arrow). There is 
considerable intramuscular edema, but it does 
not violate the muscle architecture. Note that the 
aponeurotic tendon at the epicenter of the edema 
is thickened and edematous (curved arrow), re-
flecting intratendinous injury and indicating that 
it will take longer to heal. Mild edema is also seen 
in the short head biceps femoris muscle anterior 
to the tendon injury.ISMuLT) and subclassifies indirect injuries by 

area involved and specific tissues injured (similar 
to British Athletics) (28,84). This system addition-
ally stratifies strain into initial injury or reinjury at 
a site of prior tissue damage, reflecting the average 
30% longer recovery time for reinjury at sites of 
preexisting tissue damage (28,84) (Fig 39).

Early studies assessing the utility of these 
comprehensive systems suggest that classifica-
tions incorporating mechanism, clinical assess-
ment, and imaging findings reflecting the precise 
location and extent of injury improve prognostic 
accuracy (83,85).

Conclusion
Muscle injury is common and can take numer-
ous forms, depending on the mechanism of injury 
and the acuity of the process. An understanding 
of the underlying anatomy and pathophysiology of 
muscle injuries helps one understand the varied 
imaging appearances of a range of different muscle 
injuries encountered in clinical practice (Table 3).

MR imaging, with its high spatial and contrast 
resolution, is ideally suited for imaging muscle 
trauma while allowing simultaneous assessment 
of adjacent osseous and articular structures. 
MR imaging plays a complementary role to 
US, which is more readily available and allows 
dynamic imaging of muscle trauma. MR imaging 
and US allow accurate diagnosis, objective assess-
ment of injury severity, and precise localization 
of the sites of tissue damage, enabling detailed 
grading of injury severity.

Grading systems for muscle injury are evolv-
ing rapidly. Radiologists involved in imaging of 
elite athletes need to become familiar with these 
newer systems, as imaging plays an increasingly 
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Table 3: Clinical and MR Imaging Features of Muscle Injuries

Cause Injury Clinical Features Imaging Features

Indirect (stretching)
Acute injury during 

eccentric exercise
Acute 

muscle 
strain

Immediate onset of 
pain at time of in-
jury during activity

Edema maximal at an MTJ (junction of 
muscle and free tendon, around the intra-
muscular tendon, or at the epimysium)

Normal muscle architecture in low-grade injury
Architectural distortion of muscle in moder-

ate- and high-grade injuries with fluid-filled 
gaps in muscle substance

Tearing of tendon substance may be present
Sequela of old injury Chronic 

muscle 
strain

Sequela of moderate- 
or high-grade injury

Architectural distortion localized at MTJ
Tendon thickening and irregularity
Adjacent muscle fibrosis or atrophy

Unaccustomed or 
excessive eccen-
tric exercise

DOMS Gradual onset of 
muscle pain several 
hours or days after 
activity

Edema of entire muscle or group of function-
ally similar muscles

Independent of MTJ
Normal muscle architecture
Can persist for many weeks after activity

Direct (contact)
Nonpenetrating 

blunt trauma
Contusion Severity determined 

by force of impact
Recovery time signifi-

cantly shorter than 
for strain injury

Intramuscular hematoma and/or parenchymal 
hemorrhage at site of impact

Independent of MTJ
Signal intensity of hematoma changes with 

degradation of blood products
Superficial edema and/or bone contusion may 

also be present
Penetrating trauma 

by a sharp object
Laceration Clinically evident Clearly demarcated linear defect in muscle

Defect can contain blood, fluid, and/or gas
Chronic sequela 

of direct muscle 
trauma

Myositis os-
sificans

Intramuscular mass
Pain, restricted range 

of movement

Variable appearance depending on maturity
Immature lesion appears as ill-defined inflam-

matory mass that simulates intramuscular 
malignancy or abscess

Mature lesion demonstrates characteristic 
shell of peripheral ossification best appreci-
ated with CT

Disorders of connective  
 tissue wrappers
Acute elevation of 

compartment 
pressure

Acute com-
partment 
syndrome

Most common cause 
is fracture

Arterial insufficiency

Enlargement of muscles in one or more 
compartments with loss of intramuscular 
fat planes

Disordered tissue enhancement related to 
rhabdomyolysis and liquefaction

Exercise-related 
elevation of com-
partment pressure

CECS Transient muscle pain, 
cramping, and tight-
ness during exercise 
that resolve at end 
of activity

Mild muscle edema immediately after exer-
cise that resolves within 30 minutes (can 
also be seen in asymptomatic persons)

Normal muscle architecture

Fascial defect or 
insufficiency

Muscle 
hernia

Palpable mass that 
appears or enlarges 
during muscle con-
traction or upright 
positioning

Protruberant mass with signal intensity charac-
teristics identical to those of normal muscle

Mass more apparent with muscle contraction 
and upright posture

Fascial defect/thinning may be visible
Degloving injury 

due to shearing at 
subcutaneous fat–
fascia interface

Morel-
Lavallée 
lesion

Palpable mass in area 
of prior injury

Most common at lat-
eral proximal thigh

Subcutaneous fluid collection adjacent to 
superficial fascia

Often elliptical, elongated along plane of 
fascia

Contains blood products of varying age, may 
contain fat globules
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important role in diagnosis and management of 
the injured athlete.

Acknowledgment.—We thank Samuel Ward, PhD, for his guid-
ance and assistance in preparing this material.
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