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Preface

Recorded sports medicine dates to the advent of the Olympic Games. Schol-
ars have suggested that Hippocrates himself learned his orthopedics from
treating athletes. Sports injuries are unmistakable in the chiseled sculptures
of ancient athletes—centuries of weathered wear still reveal the corpulent
auricular hematoma of the grappler and saddle nose deformity of the pugi-
list. The notable absence of muscle injuries enshrined in marble reflects the
devastating effect of muscle injuries on performance. The victor and veteran
may be marred by their craft, but they must be fit to function in order to
compete.

Like ancient Greece, we are seeing a modern resurgence of physical cul-
ture and a renewed appreciation for the intertwined nature of exercise and
health. If exercise is medicine, then sports medicine is medicine sine qua
non. As muscle is the engine of movement and movement is the basis for
sport and health, then a detailed knowledge of muscle should be foundational
to sports medicine. As sports medicine professionals, we must consider that
muscle injuries are arguably the most important injuries for our patients’
health and performance.

Muscles make up almost half of our bodies; it is the stratum of sport, a
remarkable engine for our ingenuity. With muscles, we do, we move and
react, we rally and retreat. In professional sport, we see the headlines report-
ing the sprinter laid low or pitcher lost from the lineup due to muscle injuries.
But the greatest burden of muscle injuries is not found on the sports pages,
rather it is the countless recreational athletes unable to run, cycle, and play
basketball or soccer. This book is dedicated to the colossal toll muscle inju-
ries have on physical activity and to the hobbled masses yearning to run free.
Through a dedicated and detailed examination of muscle injuries of the pos-
terior leg, I hope this book also provides a robust foundation to understand
muscle injuries more generally.

Muscular injuries of the posterior leg have a rich history. Originally, it was
termed “tennis leg,” a reference to the lawn tennis of the 1800s, not the Wim-
bledon of the Williams sisters. Tennis leg is emblematic of modern sports
injuries and perhaps the first sport-specific injury described in the medical
literature. At one time, tennis leg prompted spirited investigation and profes-
sional debate, but the focus on muscular injuries has slowly faded, replaced
by more glamorous injuries that are amenable to heroic treatments. Today,
beyond the brief refrain of rest, ice, compression, and elevation (RICE) and
rehab, little is found in medical texts about tennis leg or other muscle injuries.
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Yet, muscle injuries continue to be a source of significant morbidity for our
patients. Message boards and blogs abound with stories of patients suffering
from the lasting effects of muscle injures and requests for help.

This book aims to put the focus back on muscle injuries, to restore the pri-
macy and place of these widespread maladies, long displaced by the pathol-
ogy popularized by our peers and in the press. Anterior cruciate ligament
(ACL) tears and Tommy John’s repairs represent the modern paradigm of
sports medicine, and their treatment brings professional prestige and public
notoriety, as evermore heroic treatments are performed by physicians utiliz-
ing novel procedures backed by remarkable technological innovation.

I think you will find that the optimal evaluation and treatment of muscle
injuries has all the subtlety and gratification of the more heroically treated
injuries that currently dominate sports medicine. Skeletal muscle is the para-
digm for the biological structure—function relationship. At any scale, skel-
etal muscle intricately links structure and function. Appreciating this link
between structure and function forms the basis for diagnosis, treatment, and
prevention of muscle injuries. With increased knowledge of the basic science
of muscle and muscular injuries, we are entering a new era of understanding
and innovative treatment options.

It is time to revisit our roots to acknowledge and appreciate the tremen-
dous consequence muscle injuries have on athletes and active people, to take
back professional pride in the thoughtful treatment of muscular malfunction,
and to collaborate and not delegate the care of this important class of injuries.
Your interest in this book shows you care about muscle injuries and I com-
mend your commitment to learning more about these failures of the flesh. I
know from experience that your commitment will be rewarded by thankful
patients and excited collaborators in treatment of these injuries. I welcome
your feedback on this book or specific questions on the optimal care of your
patients. I look forward to joining you in future discussion and investigations
on the assessment, treatment, and prevention of muscular injuries.

Marquette, MI J. Bryan Dixon, MD
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Partl

Underlying Principles in the Assess-
ment and Treatment of Muscular
Injuries of the Posterior Leg



Anatomy of the Leg

Julia C. Bisschops and Mark E. Lavallee

The Skeletal Structures of the Leg

The leg is part of the lower extremity and specifi-
cally the region of the body between the knee and
ankle. Often the lower extremity is inaccurately
called the leg, but the leg is only one of the six
major regions of the lower extremity, includ-
ing the gluteal region (hip and buttocks), thigh,
knee, leg, ankle, and foot. The leg consists of two
bones: the tibia and the fibula. As limb bones,
they are part of the appendicular skeleton and are
classified as long bones. They are covered in a
sleeve of periosteum that provides neurovascular
support to the bone and deposition of new bone
after trauma or chronic stress. The periosteum
also serves a critical role in linking soft tissue el-
ements to bone.

The tibia is the main weight-bearing support
structure. It transfers weight and force from the
knee to the ankle and determines the shape of
the leg. The fibula, found lateral and posterior
to the tibia, does not articulate with the femur
and is largely non-weight bearing [1]. The tibia
and fibula are firmly connected by the interos-
seous membrane, which at the terminal ends is
also called the syndesmotic ligament. The fibers
of the interosseous membrane run distal and
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lateral from the tibia to the fibula connecting at
the lateral crest of the tibia to the anteromedial
border of the fibula [2]. This thick strong mem-
brane keeps the two bones held together tightly,
aiding in stabilization of the ankle and providing
additional stability for attachment of the muscles
of the leg. In addition to the interosseous mem-
brane, the tibia and fibula are connected by joints
both superiorly and inferiorly.

The tibia itself consists of a metaphyseal re-
gion, an epiphyseal region, and an articular sur-
face that is made of hyaline cartilage. Its most
proximal end forms the inferior surface of the
knee joint and is called the tibial plateau; more
specifically, the proximal tibia is divided into
three parts: medial and lateral plateaus and tibial
eminence. The tibial eminence consists of two
parts: medial and lateral tibial spines (they are
also called lateral and medial intercondylar tu-
bercles) as seen in Fig. 1.1 [3]. Specifically, this
area consists of an anterior intercondylar area and
a posterior intercondylar area. This structure is of
importance because it is where the anterior cruci-
ate ligament (ACL), posterior cruciate ligament
(PCL), and medial and lateral menisci attach [2].
Just distal to the articular surface of the tibial pla-
teau and located near the lateral condyle of the
tibia is a fibular facet that articulates with the
proximal fibula to form the superior joint con-
necting the two bones. On its anterior surface, the
tibia has a tuberosity, which marks the end of the
epiphyseal line and is distal to the attachment of
the patella tendon. The attachment for the ilio-
tibial band is located on the proximal part of the

J. B. Dixon (ed.), Muscular Injuries in the Posterior Leg, DOI 10.1007/978-1-4899-7651-2 1
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Medial intercondylar tubercle

Medial condyle ————
Medial facet

Tibia

Soleal line

Nutrient foramen

Vertical line

Interosseous border

Origin of flexor digitorum
longus muscle

Posterior surface

Groove for tibialis
posterior tendon and
flexor digitorum
longus tendon

Medial malleolus

Articular facet of medial malleolus

Inferior articular surface

Fig. 1.1 This drawing shows the two major bones of the
lower extremity: the tibia and the fibula. It gives an over-
view of all the different structures located on these two

anterolateral tibia and is called Gerdy’s tubercle
[2]. It was named after the French surgeon and
anatomist Pierre Nicolas Gerdy, whose name has
also been associated with a number of other ana-
tomical structures [4].

Lateral intercondylar tubercle

Lateral facet
Gerdy’s tubercle (on anterior side)

Origin of soleus muscl

Origin of tibialis
posterior muscle

Origin of flexor hallucis
longus muscle

Interosseous
membrane

Posterior border

Origin of peroneus
brevis

Epiphysial lines

Lateral malleolus

Malleolar fossa lateral malleolus
Fibular notch

bones, mostly focused on the posterior surface. In addi-
tion, origins of muscles are labeled to illustrate where the
major muscles of the posterior lower leg originate

The shaft of the tibia consists of a medial, a
lateral, and a posterior surface. The anterome-
dial surface of the tibia or “shin” is subcutane-
ous and easily palpated in most people. Whereas
the anteromedial part of the tibia has virtually



1 Anatomy of the Leg

no attachments, the posterior part has a signifi-
cant number of attachments: semimembranous,
popliteus, soleus, tibialis posterior, and flexor
digitorum longus (the vertical line separates the
two latter muscles). The posterior surface of the
tibia includes muscular attachments relevant to
muscular injuries of the posterior leg. In general,
the flexor muscles are attached to the posterior
part of the tibial shaft [2]. The posterior surface
is bound by the interosseous and medial borders
of the tibia. Both the soleal line and the vertical
line are located on the posterior surface. The dis-
tal end of the tibia articulates with the fibula and
talus to form the ankle joint. The distal tibia con-
sists of a number of different surfaces: anterior,
medial, posterior, lateral, and distal. The most
distal aspect of the tibia is the medial malleolus,
just lateral to this is the groove for the tibialis
posterior tendon.

Running posterolateral to the tibia, the fibula
is the thinner and weaker of the two leg bones.
The fibula does not articulate with the femur and
has a limited role in weight bearing. It is the site
of the distal muscular attachment of the biceps
femoris and muscular origin of several muscles
of'the leg. It begins proximally at the fibular head,
an easily palpated structure found just posterolat-
eral to the lateral tibial plateau. The fibula head
is an important landmark because this is the loca-
tion to which a number of clinically significant
structures attach: extensor digitorum longus and
peroneus longus and soleus, as well as the fibular
collateral ligament, or lateral collateral ligament
(LCL), connected to the biceps femoris. Below
the head, the fibula consists of a shaft and the lat-
eral malleolus, also known as the distal end of the
fibula. The shaft has three surfaces and borders:
anterior, posterior, and interosseous. The poste-
rior surface is the largest of these and includes
muscular attachments for the tibialis posterior,
soleus, flexor hallucis longus, peroneus longus,
and peroneus brevis, while the anterior surface
includes attachments for the extensor digitorum
longus and extensor hallucis longus [3]. Please
see Fig. 1.1 for illustration of the mentioned bony
structures and attachments.

Soft Tissue Structures of the Leg

In the leg, as throughout the limbs, functionally
related groups of muscles are contained in fascial
compartments. These compartments are bound
by a thick canvas-like covering of deep fascia
and share a neurovascular supply. The soft tis-
sues of the leg are divided into four of these com-
partments: the anterior, the lateral, the superfi-
cial posterior, and the deep posterior. These four
compartments are divided by crural (leg) fascia,
also called fascia cruris, which is the deep fascia
of the lower leg; more posterior, it is known as
the popliteal fascia.

Although the main focus of this book is on
the muscles of the superficial and the deep pos-
terior compartments, the proximity of the lateral
and posterior compartments as well as their func-
tional overlap necessitates careful delineation
of lateral and posterior compartments clinically.
The lateral compartment houses several clini-
cally important structures, including the com-
mon peroneal nerve, the peroneus longus, and
the peroneus brevis. The peroneus longus is the
more superficial of the two muscles; it everts and
plantarflexes the foot (Fig. 1.2) [3].

The most distal part of this peroneus longus
consists of a very long tendon. The peroneus bre-
vis is located just anterior to the peroneus lon-
gus. The common peroneal nerve moves from
its proximal posterior location behind the fibular
head to an anterior lateral position as it trans-
verses between the fibular head and shaft. Both
muscles are supplied by the superficial peroneal
nerve, which also provides sensory innervation to
the dorsum of the foot.

The superficial posterior compartment con-
sists of the gastrocnemius, soleus, plantaris, and
tendo calcaneus (Achilles tendon) . As a func-
tional unit, the superficial posterior compartment
is critical in maintaining functions of standing
posture and gait. As a group, they primarily assist
in flexing the knee and plantarflexing the foot.

The gastrocnemius is the largest and most su-
perficial muscle of the superficial posterior com-
partment. Its heart-shaped landmarks are easily
visible through the skin in well-trained athletes.
The more proximal part of the gastrocnemius (its



J. C. Bisschops and M. E. Lavallee

Fig. 1.2 This picture, taken in the anatomy laboratory, il-
lustrates the location of the peroneus longus and the pero-
neus brevis muscles and their location in relation to the
fibula and some of the other structures of the posterior leg
such as the soleus and the tibial nerve

“belly”’) originates from two heads, which are
connected to the femoral condyles by tendons.
More specifically, there is a medial and a lateral
head. The medial head tends to be the larger of
the two. On its distal end, the muscle becomes
narrower and blends to form a union with the
Achilles tendon. Starting above the knee and
extending beyond the ankle to the calcaneus,
the gastrocnemius crosses two joints. This biar-
thodial architecture conveys a unique functional
continuity with the hamstrings in initiating knee
flexion and limiting knee extension. Rarely, in-
dividuals may not have a lateral head of the gas-
trocnemius, or a third head may be present [5].
The tibial nerve provides the innervation of the
gastrocnemius.

The soleus, located just deep or anterior to the
gastrocnemius, is a broad and flat muscle. The
soleus has a central tendon and pennate structure.
Unlike the gastrocnemius, which spans two joints
(the knee and the ankle), the soleus originates

on the posterior tibia and crosses only the ankle
joint. It is attached proximally to the posterior
border of the tibia and fibula by an arch-like apo-
neurosis with a tendinous gap centrally. The pos-
terior tibial artery and tibial nerve pass through
this gap to enter the deep posterior compartment.
The more distal end of the muscle connects to
the gastrocnemius, which then, as noted above,
forms the Achilles tendon. As a result, there is
a strong synergistic relationship between the
gastrocnemius, the soleus, and the Achilles ten-
don, which is important in regard to the injuries
discussed in the following chapters. Please see
Figs. 1.3 and 1.4 for illustration of the mentioned
muscles.

The soleus has a high percentage of fatigue-
resistant muscle fibers and plays a critical role
in maintaining standing posture and walking gait.
The soleus muscle is supplied by two branches
of the tibial nerve. Accessory soleus muscles are
well-known but uncommon congenital anomaly
[6]. An accessory soleus can be a source of ex-
ertional pain due to an inadequate blood supply
from the posterior tibial artery.

The plantaris is a rather small muscle and
actually has been found absent in a number of
individuals. It originates from the lateral supra-
condylar line deep to the lateral head of the gas-
trocnemius. From this lateral attachment on the
femur, it moves medial as it extends distal. The
muscle ends shortly after crossing the knee joint,
where at approximately the origin of the soleus,
it transitions in a long, thin tendon that traverses
between the medial head of the gastrocnemius
and the soleus before inserting on the medial
calcaneus either independently or by means of
the Achilles tendon. In the setting of an Achilles
tendon rupture and a preserved independent at-
tachment of the plantaris tendon to the calcaneus,
the ability to plantarflex the ankle can remain po-
tentially confounding for the clinical diagnosis.
The plantaris is supplied by the tibial nerve. It is
referred to by some as the gastrocnemius’s “little
helper,” as it acts in conjunction with the gastroc-
nemius in an accessory fashion. Like the gastroc-
nemius, it crosses both the knee and ankle but due
to its small size and absence in some individuals,
the functional role of the plantaris is tradition-
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Fig. 1.3 Another picture taken in the anatomy laboratory illustrating the strong relationship between the gastrocnemius
muscle and the calcaneal tendon

Fig. 1.4 This image shows the location of the soleus, a broad and flat muscle, found deep to the gastrocnemius. In ad-
dition, the tibial nerve is labeled, innervating both the gastrocnemius and the soleus

ally thought to be relatively insignificant and it However, the pattern of a small muscle running
is considered by many to be a vestigial muscle. in parallel with a larger prime mover has been
Indeed, the plantaris tendon is harvested for au- termed parallel muscle combination, and in these
tograph tendon repair for this very reason [7]. combinations the small muscle has been found
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Fig. 1.5 This picture, again taken in the anatomy labora-
tory, shows the lateral side of the right leg. It shows the
peroneus longus muscle and the peroneus brevis muscle
and the largest human tendon, the calcaneal tendon,

to have a high density of muscle spindles. Some
authors have proposed these muscles may serve
an important proprioceptive function, providing
neurologic feedback to regulate movement [8].
It should be noted that discussion regarding the
function of the plantaris can be influenced by
larger arguments regarding the implications of
vestigial muscle as evidence for evolution [9].
The tendo calcaneus or calcaneal tendon or,
more commonly, Achilles tendon, another mem-
ber of the posterior superficial compartment, is
the shared tendon insertion of the gastrocnemius,
soleus, and plantaris. It is the largest human ten-
don and its thickness makes it the strongest ten-
don in the body, a feature critical to its impor-
tance during running gait where it must handle
loads up to ten times the body weight. It begins as
a wide, flat apponerous formed from the myoten-
dinous junction of the gastrocnemius, soleus, and
plantaris. As it descends, it narrows and thickens,
its fibers spiraling downwards like a tree root,
conferring additional mechanical advantage and
improved storage of energy in eccentric loading,

which has been cut. The retinaculum is a structure that
wraps around a number of vessels, nerves, and muscles of
the lower leg as they enter the foot. It will be mentioned
again later in this chapter

to attach securely along the periosteum of the
heel and directly into the calcaneus. These struc-
tural features of the Achilles tendon are critical in
function of the human gait (Fig. 1.5).

The vascular supply to the Achilles tendon is
fed both proximally and distally by the posterior
tibial artery, leaving the midsubstance of the ten-
don in a watershed area of relative hypovascular-
ity supplied by the peroneal artery [10—12]. The
midsubstance of the Achilles tendon is the most
common location for degenerative tendinopathy
and Achilles tendon ruptures. Innervation of the
Achilles tendon comes from both the sural and
tibial nerves [13].

The superficial and the deep compartments
are separated by deep transverse fascia, located
between the medial tibial and the posterior fibu-
lar borders. The deep posterior compartment,
often also called the deep crural group, consists
of deep transverse fascia, popliteus, flexor hal-
lucis longus, flexor digitorum longus, and tibi-
alis posterior. The popliteus is a flat, triangular
muscle, found deep and at the most distal part
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of the popliteal fossa. Its innervation is supplied
by the tibial nerve. The popliteus helps rotate the
tibia medially, or rotate the femur laterally if the
tibia is fixed or in a “closed-chain” position. Due
to its connections, it is believed to aid the PCL to
prevent forward motion of the femur. The flexor
hallucis longus is supplied by the tibial nerve
(please see earlier images). Flexor digitorum
longus, found medial to the flexor hallucis lon-
gus, is also innervated by the tibial nerve. Both
of these flexors act on the distal phalanges. The
tibialis posterior is found between the flexor hal-
lucis longus and the flexor digitorum longus and
is partially covered by both of these muscles [3].
At the distal end it passes deep to the flexor reti-
naculum (as visible in the previous image). The
tibialis posterior is also innervated by the tibial
nerve. It is responsible for inverting the foot and
aids in plantar flexion. It is also known to aid in
balancing and controlling pronation.

The tendons of many of the muscles mentioned
eventually cross the talocrural (ankle) joint. They
are covered by a number of retinacula: superior
extensor, inferior extensor, flexor, peroneal, and
a number of synovial sheaths (part of these may
be visualized in the mentioned images). Theoreti-
cally, these structures are part of the foot, but part
of the leg structures pass through them, so they
are mentioned for understanding and completion.
Most notable is the flexor retinaculum because
it is directly connected to the medial calcaneal
process and plantar aponeurosis. The posterior
vessels and nerve enter here, as well as the tibi-
alis posterior, flexor digitorum longus, and flexor
hallucis longus, all previously mentioned [3].

The Vascular Supply of the Leg

The main vascular structure feeding the lower
extremity is the popliteal artery. This artery di-
vides into three branches, more specifically, the
anterior tibial artery, the posterior tibial artery,
and the peroneal artery. We will focus on the pos-
terior tibial artery and the peroneal artery. The
peroneal artery is also called the fibular artery
and can be a branch of the posterior tibial artery.

The posterior tibial artery starts at the most distal
border of the popliteus. This artery can be found
between the tibia and the fibula. Distally, it di-
vides into the medial and lateral plantar arteries.
It is palpable medial to the medial malleolus. On
its way, it gives off the following branches: cir-
cumflex fibular (may also arise from the anterior
tibial artery), peroneal, nutrient, and the medial
and lateral plantar arteries (already mentioned)
[3]. The circumflex fibular artery wraps around
the fibulas neck, as its name suggests. Its vul-
nerable locations make it more prone to trauma.
The peroneal artery, also called the fibula ar-
tery, originates distally to the popliteus muscle.
It runs more laterally compared to the posterior
tibial artery. Generally, it runs between the tibi-
alis posterior and the flexor hallucis longus. As
it is about to reach the calcaneus, it divides into
the calcaneal branches. A number of anatomical
variations have been found. Some of these varia-
tions can give rise to popliteal artery entrapment
syndromes resulting in exertional lower leg pain.
More specifically, the peroneal artery, at times,
may originate more distally from the posterior
tibial artery. The following arteries are branches
from the peroneal artery: small muscular branch-
es that help supply some of the posterior-com-
partment muscles, a nutrient artery to the fibula,
a perforating branch serving the interosseous
membrane, either one or two communicating
branches between the posterior tibial artery and
the peroneal artery, and the already-mentioned
calcaneal branches [3]. Please see Fig. 1.6 for an
overview of some of these structures.

The above description mentions two nutrient
arteries, one that supplies the tibia and one that
helps supply the fibula. It is worth mentioning
that most of the human tibia is supplied by this
single nutrient artery as it enters through a nutri-
ent foramen, usually in the more proximal part of
the tibia. The external surface of the tibia is only
covered by a periosteum, again supplied by the
nutrient artery. This anatomical fact explains why
injury and trauma around the tibial area are quite
difficult to heal [2].
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Fig. 1.6 This drawing shows the posterior right leg. It gives an overview of the arteries, veins, and nerves of the lower
extremity. Also, the location of the popliteal lymph nodes, as mentioned in the text, is visualized here

Venous System of the Posterior Leg

In general, two sets of veins drain the lower ex-
tremities: the superficial veins and the deep veins.
The deep veins often accompany arteries. Both
sets of veins have valves that limit backflow. The
venous valves, deep fascia, and contraction of the
muscle within the leg compartments work in con-
cert to return blood to the heart, a process termed
the musculovenous pump.

The superficial veins consist of the great/long
saphenous vein and the small/short saphenous
vein. Both have numerous smaller branches,
many of them unnamed. The great saphenous
vein is the longest vein in our body, ending
into the femoral vein. Along its journey, it has
a number of accompanying nerves, such as the
saphenous nerve, meeting the nerve around the
tibiomalleolus area. The small saphenous vein
runs more laterally as it passes between the heads
of the gastrocnemius and eventually empties into
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Fig. 1.7 This picture illustrates part of the popliteal fossa.
It shows the previously mentioned popliteus muscle and
the popliteal vein and artery. The biceps femoris tendon
originates in the upper leg but attaches here as illustrated

the popliteal vein. Numerous connections exist
between smaller branches and the great saphe-
nous and small saphenous veins [3].

The deep veins of the leg mainly comprise the
posterior tibial vein, the anterior tibial vein, the
popliteal vein, the femoral vein, and, for comple-
tion purposes, the vena profunda femoris. The
posterior tibial vein accompanies the posterior
tibial artery. The anterior tibial vein forms the
popliteal vein. More distally, it runs between the
tibia and the fibula. The popliteal vein runs medi-
ally to the popliteal artery. The femoral vein runs
together with its artery [3]. Please see Fig. 1.7 for
an illustration of some of these deep structures.

Lymphatic Drainage

Superficial and deep are the recurrent themes of
lower extremity anatomy, and this also holds true
for the lymphatic drainage of the leg. More spe-
cifically, lymph nodes are found at the follow-

ing locations in the lower extremity: superficial
inguinal nodes, deep inguinal nodes, and pop-
liteal lymph nodes. Focus will be on the popli-
teal lymph nodes, since they are located in the
posterior leg. Around six lymph nodes are found
in the popliteal area. They ascend either into the
deep inguinal nodes or, occasionally, into the su-
perficial inguinal nodes. Injuries and infections
in lower extremity areas such as the heel would
lead to swelling of the popliteal nodes. Medial
and lateral lymphatic vessels drain superficial tis-
sues, while the deep lymphatic vessels drain the
deep tissues to the popliteal nodes as mentioned
earlier (see Fig. 1.6) [3].

Nerves of the Leg

The two main nerves in the leg are the tibial nerve
and the common peroneal nerve, also called fibu-
lar nerve, as illustrated in Fig. 1.8.

Fig. 1.8 This photograph points out the size and location
of the main nerves of the leg: tibial and common peroneal
(fibular nerve). In addition, the lateral head of the gas-
trocnemius may be visualized
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Both nerves originate from the sciatic nerve,
which originates from the sacral plexus. The
tibial nerve is usually the bigger of the two. It is
located deep in its proximal location, but quite
superficial as it passes through the flexor reti-
naculum (see Fig. 1.5). More specifically, it runs
with the posterior tibial vessels, first medial to
them and then lateral. It has a number of branch-
es: articular, muscular, sural, medial calcaneal,
and medial/lateral plantar [3]. The lateral plantar
nerve has one specific branch that is of impor-
tance, due to frequent involvement in entrapment
leading to discomfort and injury in athletes—the
Baxter’s nerve. It is usually the first branch of the
lateral plantar nerve and runs through the porta
pedis, where if entrapped, causes discomfort.

The common peroneal nerve, also called
fibular nerve or lateral popliteal nerve, is much
smaller than the tibial nerve. It runs on the lateral
side of the popliteal fossa. When it wraps around
the head of the fibula, it becomes palpable. This
is the location where it is most prone to injury,
and injury to this nerve often results in foot drop.
It innervates the peroneus longus and brevis mus-
cles. The common peroneal nerve can be further
divided into auricular and cutaneous branches. Its
auricular branch accompanies the superior and in-
ferior lateral genicular arteries; the third auricular
branch is the recurrent articular nerve, which ac-
companies the anterior recurrent tibial artery. The
cutaneous branches are called the lateral sural
nerve, also known as the lateral cutaneous nerve
of the calf, and the sural communicating nerve.
The common peroneal nerve may further be di-
vided into the deep peroneal nerve, also called
anterior tibial nerve, and the superficial peroneal
nerve, also called musculocutaneous nerve. The
deep peroneal nerve descends with the anterior
tibial artery to the ankle. The superficial pero-
neal nerve supplies the peroneus longus, brevis,
and skin of the lower leg. Both of the mentioned
nerves may be subdivided even further. The deep
peroneal nerve divides into a muscular branch, a
lateral terminal branch, a medial terminal branch,
an articular branch to the ankle joint, and an in-
terosseous branch. The superficial peroneal nerve
communicates with a number of nerves and has a
smaller lateral and medial branch [3]. The sural,

saphenous, common peroneal, superficial pero-
neal, and deep peroneal nerves can all develop
clinically relevant entrapment syndromes.

The posterior lower limb can roughly be di-
vided into four cutaneous (dermatome) nerve
distributions: superficial to the popliteal fossa:
posterior cutaneous of thigh S1,2,3; just lateral to
popliteal fossa: medial cutaneous of thigh L2,3;
superficial to medial gastrocnemius: saphenous
L3.,4; and lateral gastrocnemius: lateral cutane-
ous of calf of leg L4,5,S1.
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Physiology of Skeletal Muscle

Scott N. Drum, Ryan Weatherwax and J. Bryan Dixon

Introduction

Skeletal muscle is necessary for every move-
ment of the human body. The physiology of skel-
etal muscle is the foundation for understanding
human movement and muscle injuries. Skeletal
muscle has one primary task; namely, to trans-
form chemical energy into mechanical energy.
Simply stated, muscle converts the chemical en-
ergy of our diet into fuel for muscle action and
then, when stimulated by the nervous system,
skeletal muscle uses this fuel to produce mechan-
ical energy in the form of muscle action.

In this chapter, we review each of these com-
ponents of skeletal muscle physiology and how
they relate to practical applications in nutrition,
rehabilitation, and sport. We begin with metabo-
lism and the process of skeletal muscle energet-
ics. The details of the skeletal muscle machinery
and control of muscular action are the focus of
the remaining sections of this chapter.
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Metabolism

Macronutrient Use, ATP Production, and
Energy Pathways

In order to fully appreciate the physiology of
skeletal muscle, you must know how muscle
transforms the food we eat into the muscular ac-
tion that produces force and motion. This flow of
energy is called skeletal muscle energetics and it
focuses on the creation and use of adenosine tri-
phosphate (ATP). ATP is the energy currency of
the body. In skeletal muscle, ATP is responsible
for contraction and relaxation of skeletal muscle.

Skeletal muscle energetics begins with mac-
ronutrient consumption. When ingesting macro-
nutrients, we start to convert food into energy—a
process called metabolism. Macronutrients, such
as a combination of carbohydrate, fat, and pro-
tein, are reduced to their basic form primarily of
glucose, fatty acids, and amino acids, respective-
ly, when used in metabolic processes to produce
ATP, the energy currency of the body. Important-
ly, glucose and fatty acids are used more com-
monly than protein for sustained muscular action.
This preserves protein and its constituent amino
acids as the building blocks of skeletal muscle.
Because protein serves in a lesser capacity as en-
ergy precursor, the focus of skeletal muscle ener-
getics is on carbohydrate and fats.

To more clearly understand how macronu-
trients promote the production of ATP and sub-
sequent performance in various activities, such
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as endurance exercise, let us consider a classic
study [1]. In this experiment, participants were
fed a high-fat diet (5% or less carbohydrate in-
take), normal diet (met the recommended daily
allowance of carbohydrate, lipid, and protein),
and a high-carbohydrate diet (82% of calories
from carbohydrates). When tested in a repeated-
measures design, all subjects underwent all feed-
ing conditions for 3 days with recovery days in
between conditions and bouts on a cycle ergom-
eter to exhaustion. Not only did the high-carbo-
hydrate diet produce the best glycogen storage
(i.e., stored glucose in skeletal muscle that was
six times greater than the high-fat diet), but time
to exhaustion when cycling was also three times
longer than the high-fat diet. The normal diet fell
in between. Therefore, when thinking about op-
timizing endurance performance, carbohydrate
stored in skeletal muscle and even in the liver is
paramount to sustaining high-intensity muscular
actions, especially when exercising or competing
longer than 1 h. Other studies have since sup-
ported this [2, 3].

On the other hand, high-fat meals may help
boost endurance exercise as well, but only as
long as an adequate carbohydrate dier is fol-
lowed. For instance, ingesting a high-fat meal
(1007+21 kcal/meal in total calories; 30%
carbohydrates, 55% fat, and 15% protein) 4 h
before an exercise bout after 3 days of a high-
carbohydrate diet (2562+19 kcal/day in total
calories: 71 % carbohydrates, 19 % fat, and 10 %
protein) and with tapered training, demonstrated
the greatest time until exhaustion versus ingest-
ing a high-carbohydrate meal (1007+21 kcal,
71% CHO, 20% F and 9% P) after the 3 days
of high-carbohydrate intake [4]. Interestingly,
just prior to exercise, in the high-fat meal group,
participants ingested a maltodextrin jelly or pla-
cebo. In the high-carbohydrate meal condition,
participants ingested only a placebo. From a
practical viewpoint, the above study underscored
the need for sufficient carbohydrate intake prior
to exhaustive exercise to maintain strong skeletal
muscle action with the addition of a high-fat meal
showing some benefit. Thus, skeletal muscle
macronutrient needs during sustained muscular
action are nicely supported by both carbohydrate

and fat, with a preference for carbohydrate as
the exercise intensity increases. This is excellent
information to remember in view of optimizing
skeletal muscle physiological properties. Note
that because high-intensity, short-duration exer-
cise is usually much less than 1 h, a reliance on
carbohydrate is the norm with almost no risk of
glycogen depletion.

The production of ATP from various macro-
nutrients follows three primary energy pathways
that use various substrates (e.g., carbohydrate,
fat, phosphocreatine (PCr), among others) to pro-
duce ATP. These energy pathways, from fastest to
slowest rate of ATP production, are: (1) ATP-PCr
or phosphagen, (2) glycolytic or lactic acid, and
(3) aerobic processes [5]. Said another way, these
three energy-producing pathways are preferen-
tially favored during differing durations of in-
tense exercise of approximately 0—15 s, 16-90 s,
and >90 s, respectively. Keeping these pathways
and associated timeframes in mind during the
following discussion about skeletal muscle phys-
iology, helps maintain a helpful perspective on
human performance.

On elaborating individual energy pathways,
we find that, in short, the ATP-PCr pathway, or
“fast” ATP-producing process, utilizes a coupled
reaction in the cytoplasm whereby the break-
down of PCr by creatine kinase to creatine (C)
+ inorganic phosphate (P;) yields energy used
to synthesize ATP from the recombination of
adenosine diphosphate (ADP) + P;. The glyco-
lytic system, also housed in the cytoplasm and
a “fast” ATP-producing process that may be de-
scribed as anaerobic or aerobic, relies mostly on
glucose degradation from blood or stored skeletal
muscle glycogen with the end products of lactic
acid (which spontaneously becomes lactate +
H* if anaerobic ATP production is favored) and/
or pyruvic acid (which spontaneously becomes
pyruvate if aerobic ATP production is feasible).
To summarize, if exercise is “slow” or low in-
tensity in nature, then pyruvate production is
favored whereas, the buildup of lactate + H in
tissue and blood occurs when exercise is “fast”
or high intensity. Not surprisingly, various gly-
colytic enzymes, some rate limiting, control the
glycolytic process and are namely: hexokinase
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Fig. 2.1 The interaction of carbohydrates, triglycerides,
and proteins, termed macronutrients, in the metabolic
pathway. Note that all macronutrients have the capabil-
ity to become Acetyl CoA, the common entryway to the

(HK), phosphofructokinase (PFK), and lactate
dehydrogenase (LDH).

The aerobic energy system takes place in the
mitochondrion of a skeletal muscle cell and be-
gins when pyruvate (from aerobic glycolysis) is
converted to Acetyl CoA and combines with oxa-
loacetate (OOA) within the organelle as part of
the Krebs or citric acid cycle [5]. Both carbohy-
drate and fat (with negligible input from protein
sources) are utilized at rest and during exercise,
depending on intensity (i.e., low to moderate),
to “run” aerobic processes. ATP creation, also
known as oxidative phosphorylation, occurs in
the electron transport chain (ETC) via Hs shut-
tled from the Krebs cycle to the ETC via electron
shuttles (i.e., nicotinamide adenine dinucleotide,
NADY; and flavin adenine dinucleotide, FAD).
Therefore, ATP is synthesized by transferring
electrons from NADH and FADH, to oxygen
in the ETC [5]. Keep in mind that as a person

@

oxidative energy cycle. Likewise, each macronutrient has
the potential to become a different substrate in the meta-
bolic process. Thus, metabolic precursors are highly inter-
related. (Courtesy of Elizabeth A. Drum)

exercises on a regular basis, more mitochondria,
denser muscle mass, improved blood flow, and
greater aerobic (and anaerobic) enzymes are
upregulated. With cessation of exercise these
changes reverse. Figure 2.1, below, depicts the
interaction of the aforementioned energy path-
ways and the use of carbohydrates, fats, and pro-
teins in the metabolic synthesis of ATP.

Muscle Fiber Types

Having reviewed macronutrient utilization in
skeletal muscle cells in accordance with the
energy pathways to produce ATP for sustained
muscular action, we now transition to a discus-
sion of muscle fiber types. Skeletal musculature
is composed of slow- and fast-twitch (ST and FT,
respectively) fibers or cells. ST are also known
as type I or slow-oxidative (SO) cells and rely
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Table 2.1 Skeletal muscle/fiber classification

System 1 Type I Type 11 Type IIx

System 2 Slow twitch (ST) Fast twitch a (FTa) Fast twitch x (FTx)
System 3 Slow oxidative (SO) Fast oxidative/glycolytic (FOG) | Fast glycolytic (FG)
General attributes of fiber types

Oxidative ability Excellent Good Poor

Glycolytic ability Poor Excellent Excellent
Contractile speed Slow Fast Fast

Fatigue resistant Excellent Good Poor

Unit strength Poor Excellent Excellent

primarily on the aerobic energy system to pro-
duce ATP for muscle action. FT fibers, also
known as type II fibers, are further categorized
as FTa and FTx or type Ila and type IIx, respec-
tively. FT fibers rely more on the ATP-PCr and
anaerobic glycolytic energy pathways to sustain
high intense action with a high rate of ATP pro-
duction.

In general, type II muscle fibers are larger,
transmit action potentials faster, have greater
activity of the ATP splitting enzyme myosin
ATPase, release and uptake calcium ions (Ca")
more rapidly, and exhibit a high-rate crossbridge
turnover (between actin and myosin or skeletal
muscle myofibrils) than type I fibers, which ex-
hibit all the aforementioned characteristics albeit
at a protracted rate. Additionally, type II fibers
tend to store more carbohydrate and are favored
during high-intensity and/or power-strength exer-
cises. Type I fibers, on the other hand, favor aero-
bic or low- to moderate-intensity exercise and
rely on both carbohydrate and fat as fuel (note,
both of these macronutrients are stored in type I
fibers). Additionally, type I fibers have a greater
concentration of mitochondria and capillaries
versus type II fibers [5]. See Table 2.1 for a side
by side comparison of the various fiber types.

Skeletal Muscle Force Production

We have seen that skeletal muscle physiology
creates the opportunity for a plethora of muscle
actions based on the combination of fiber types
and energy pathways available. With the varied
pathways to manufacture ATP, there is balance

between low-energy requirements (e.g., rest or
low-moderate-intensity exercise) and high-ener-
gy needs (e.g., high-intensity exercise). Notably,
skeletal muscle can be selectively recruited to the
muscular action needed based on fiber type and/
or size of the fibers. Generally, as alluded above,
type I fibers are smaller and therefore innervat-
ed by smaller alpha motor neurons, the primary
neurons responsible for initiating muscular ac-
tion. The size principle implies that during force
development of progressively increasing magni-
tude, type I fibers are recruited first, followed by
type Ila, and finally type IIx, the most powerful
fiber set [6].

Therefore, the discussion about force produc-
tion begins with acknowledging that the process
of developing force in muscle is efficiently regu-
lated, especially by increasing motor unit recruit-
ment and increasing the frequency of motor unit
discharge [5]. Recognize that a motor unit is, by
definition, a single motor neuron and all the fi-
bers it innervates—from a few to thousands [5].
The following section introduces the properties
of skeletal muscle that allow it to exert force,
namely the sliding filament theory (SFT). Un-
derlying the mechanics of force production are
the omnipresent metabolic processes that main-
tain the ATP supply for sustainable muscle action
and, therefore, force output. Said another way,
you get work (W) output, which equals force (F)
times distance (D) or W=F xD. This is a useful
equation to remember when discussing muscular
force production in that internal muscular force
normally equals an external result, such as the
movement of a weight stack or self-propulsion
during walking or running.
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A Few Muscle Action Definitions

A muscle fiber contraction or shortening of the
muscle belly is a complex process that involves
cellular and chemical interactions. The result is
movement within the myofibrils in which thin
(actin) and thick (myosin) filaments slide past
and over one another. A muscular action may
cause a shortening of a sarcomere, the smallest
contractile unit of a muscle fiber, under tension
(and ultimately a shortening of the muscle or
contraction). This is termed as concentric muscle
action. When the filaments slide in a direction
causing a lengthening of the sarcomere under
tension, an eccentric muscle action is created.
When concentric and eccentric muscle actions
are performed continuously, one after the other,
such as during a full range of motion movement
during a bench press exercise using free weights,
this is termed isotonic exercise. Isometric muscle
action, another relatable term, is created when
thick and thin filaments attempt to slide in either
direction, but a fixed or static length is held for a
period of time. In other words, there is no length-
ening or shortening of the sarcomere in a static
action, even though energy is continuously being
utilized to fuel the isometric event; maintain-
ing your posture while sitting is a good example
of static torso action. Another pertinent muscle
movement to mention is isokinetic action in
which muscle fibers exert a near constant, maxi-
mal force throughout a preset constant speed as
seen in the use of an isokinetic Cybex machine in
the rehabilitation setting.

Collectively, all the muscular actions men-
tioned above provide a brief overview of how
specificity in resistance training methods can be
incorporated with the principle of overload to
create a thoughtful training or rehabilitation plan.
Taken together, overload is the progressive in-
crease in resistance on a particular muscle group
over time in a systematic and specific fashion
to elicit muscular force application and adapta-
tion changes. Discussion of the role of resistance
training in rehabilitation and performance train-
ing plans is covered in the later chapters of this
book.

Sliding Filament Theory (SFT)

Working independently in 1954, H. E. Huxley [7]
and A. F. Huxley [8] were involved in establishing
the SFT. The theory explains how fixed-length
thick (myosin) and thin (actin) filaments move
in relation to each other, resulting in a change in
muscle length and subsequently force produc-
tion. In 1957, A. F. Huxley [9] further elaborated
this model with a theory of crossbridge behavior
which offered insights into how muscular force
application is accomplished via internal, micro-
scopic force application mechanisms. We have
already established that metabolically force can-
not be produced and sustained without macro-
nutrient- or substrate-derived ATP. This primary
energy structure is what interacts with muscle
fiber myofilaments, actin and myosin, to allow
the sliding filament model to “run” and cross-
bridge formation to unfold. Force happens when
muscular action occurs (either concentric or ec-
centric). However, neurological input, discussed
later in this chapter, is necessary to the initiation
of muscle action via Ca" release into the sarco-
plasm via specific structures. With that in mind,
we turn to a few more characteristics of muscular
force generation before returning to a more de-
tailed discussion of the SFT.

Types of Muscular Action
Relationships

Having introduced the SFT, where microscopic
force application occurs, let us discuss a bit more
about types of muscular interactions. Keep in
mind that the term contraction can be mislead-
ing when discussing muscle properties and force-
generating capabilities. Contraction of skeletal
muscle seems to denote primarily a shortening of
the fibers. However, in this chapter, we want to
underscore that it indicates a shortening, length-
ening, retention of the same length, or a combina-
tion of these depending on external loads and the
desired activity. Therefore, a muscular contrac-
tion more accurately reflects a muscular action,
than a contraction per se. Following are a few



18

S.N.Drumetal.

muscle fiber relationships that will help round
out a review of muscular force production or the
lack thereof.

Length-Tension Relationship

The length of a muscle fiber relative to its opti-
mal length is critical in determining the amount
of force or tension that can be developed. The
optimal length can be defined as the length of
the sarcomere, the smallest contractile unit of a
fiber, that provides ideal overlap of thick and thin
filaments [10]. Therefore, when optimal length is
obtained in a sarcomere, normally around 90° in
a joint, the greatest amount of force production is
possible because of optimal actin—-myosin inter-
action. Hence, when a muscle is shorter or longer
than optimal length, there is impairment in maxi-
mal or optimal force production. For additional
information concerning this type of relationship,
especially in active muscle, the reader is directed
to review Rassier et al.’s paper [11] titled Length
dependence of active force production in skel-
etal muscle. Figure 2.2, below, illustrates various
knee angles and the angular position that elicit
the greatest muscular tension or strength.

OD"—HD Ibs.

Fig. 2.2 Length—tension relationship of various joint
angles, such as the knee joint, where at an angle of 95°,
tension within fibers is highest or strength mobilization
is greatest. Said another way, range of motion provides a
basis for suboptimal and optimal crossbridge interaction.
(Courtesy of Elizabeth A. Drum)

Force-Velocity Relationship

In accordance with the length—tension discus-
sion, force—velocity variables also change the
dynamics of skeletal muscle interaction. Simply
stated, the force—velocity relationship indicates
that as the speed of a muscular action increases,
force production drops and vice versa [10]. This
can be important during the rehabilitation of a pa-
tient or performance training of a client to insure
that force development is optimized for whatever
the outcome goal might be. For instance, to maxi-
mize force production in skeletal muscle, slower
and controlled movement is probably warranted
to optimize progressive overload manifested as
greater force development in the musculature. On
the other hand, if the goal is to improve speed or
endurance, then it might be necessary to add a
speed component to the performance of muscu-
lar actions along with understanding that force in
the form of resistance needs to decline. In other
words, the force—velocity relationship should
guide training and rehabilitation to reflect that
sport-specific or even every-day life activities
are not slow and controlled but rather quick and
sometimes unanticipated. Figure 2.3 showcases
the force—velocity relationship.

Motor Innervation
Neuromotor System Arrangement

Recall that to initiate the SFT, sufficient neuro-
motor stimulus had to be realized. Let us look at
this in a bit more detail but still from a big picture
perspective. Most efferent (“output™) electrical
signals begin with central nervous system (CNS)
involvement and end with peripheral nervous
system (PNS) activation, while afferent (“input™)
signals relay sensory information from peripheral
areas to the spinal cord and CNS. Recall, then,
that the human nervous system is made up of pri-
marily the CNS (i.e., brain and spinal cord) and
PNS (i.e., nerves that transmit electrical waves
to and from the CNS) [5]. In relation to skeletal
muscle physiology, CNS and PNS input both
travel to the muscle fiber to influence muscular
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Fig. 2.3 The force—velocity relationship of muscle ac-
tion. During eccentric action, as the speed of fiber length-
ening under tension increases, so does muscle tension.
The opposite is true during concentric action or shorten-
ing of the fiber under tension whereby tension decreases
as the speed of fiber shortening increases. (Courtesy of
Elizabeth A. Drum)

action at the neuromuscular junction effecting the
action potential (AP) and motor unit properties.

The SFT—Action Potential (AP) and
Muscle Fiber Motor Unit Integration

The primary mechanism, physically responsible
for force production, in the SFT is the filaments
themselves. This process of sliding filaments is
primarily regulated by afferent and efferent neu-
rological signals via APs, where sodium (Na*)
and potassium (K) are exchanged across neu-
ronal and muscle cell membranes. Eventually,
the AP is propagated deep inside a muscle fiber,
via transverse tubules (T-tubules), and triggers
Ca®" release from the sarcoplasmic reticulum
(SR) into the sarcoplasm. Ca?" then binds with
troponin, a protein on actin. Suddenly troponin,
through a conformational change, pulls another
protein, tropomyosin—a long, winding, and thin

stranded structure—off actin’s active sites. Myo-
sin’s energized heads interact with actin and ex-
citation—contraction coupling ensues [10]. What
follows are definitions and phases of muscle ac-
tion related to the SFT—with all its moving parts
in a regulated and force-producing sequence.

Constituent Structures of the SFT
Myofibrils

Each muscle fiber contains several hundred to
several thousand myofibrils. Myofibrils are ar-
ranged in a three-dimensional mosaic pattern and
contain the basic contractile structures or pro-
teins—actin and myosin (also known as thin and
thick filaments, respectively, a common theme
we identified prior)—of a muscle fiber. Addi-
tionally, recall that the smallest contractile unit of
a muscle fiber is termed the sarcomere which is
made up of thin and thick filaments.

Microscopically, a distinctive striped or stri-
ated appearance is observed when viewing myo-
fibrils. These striations are apparent due to the
thin and thick structural appearance of muscle.
The mid-portion of a sarcomere that appears to
be dark is known as the A-band and is formed
because both thick and thin filaments overlap in
this region. The lighter areas on the outer ends
are known as I-bands. The lighter appearance
occurs because only thin filaments are located
in this range. The H-zone is located within the
central region of the A-band, where no thick and
thin filament overlap is evident. A dark line in
the middle of the H-zone is termed the M-line.
The M-line is composed of proteins that help aid
the sarcomere in maintaining spatial orientation
as the fiber lengthens and shortens (i.e., relaxes
and contracts, respectively). The I-band is inter-
rupted by a dark stripe, another protein structure,
referred to as the Z-disk or Z-line, which serves
as an anchor or attachment point for actin.

As the sarcomere is the basic fundamental
contractile unit of a muscle cell, each cell is com-
posed of a plethora of sarcomeres joined end to
end. To summarize, each sarcomere contains the
following aforementioned regions: I-bands (light
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zone), A-band (dark zone), H-zone, and M-line.
Furthermore, sarcomeres are joined together at
the Z-disks with the help of two proteins, titin
and nebulin, which help provide points of at-
tachment and stability for thin filaments. Inter-
estingly, titin is now considered a possible third
filament, serving as a “spring-like” attachment to
the Z-line along with actin [12]. Following are
more detailed descriptions of the individual types
of myofilaments.

Thick Filament (Myosin)

The principal protein of the thick filament is
myosin. Myosin accounts for nearly one half to
two thirds of the total myofibrillar protein. Each
myosin filament is typically formed by 200 or
more myosin molecules. Myosin is a hexameric
molecule consisting of one pair of myosin heavy
chains and two pairs of light chains. These pro-
teins twist together with one end forming a glob-
ular head, called the myosin head. Within each
thick filament, many myosin heads are formed
and protrude to form crossbridges that interact
with specialized activation sites on the thin fila-
ment during muscular contraction. An array of
fine filaments composed of titin extend from Z-
disk to M-line that aid in stabilizing the myosin
filaments along the longitudinal axis [10].

Thin Filament

Each thin filament is composed of three differ-
ent proteins—actin, tropomyosin, and troponin.
However, thin filament is often referred to simply
as an actin filament. Thin filament has one end
inserted into the Z-disk with the aid of nebulin
anchoring the filament in place and the opposite
end extending to the center of the sarcomere.
Also, keep in mind that titin also interacts with
actin and quite possibly helps anchor it to the Z-
line [12]. Furthermore, thin filament is located in
the space between thick filaments [5].

Individual actin molecules are globular pro-
teins (known as G-actin) that join together to form

the backbone of thin filaments. Two strands of
actin-derived filaments twist in a helical pattern.
Twisting around the actin strands is a tube-shaped
protein called tropomyosin. Yet another protein, a
more complex protein called troponin, is attached
at regular intervals to both actin and tropomyosin.
Troponin and tropomyosin work together along
with Ca?" ions to maintain relaxation or initiate
an action of the myofibril. Keep in mind that actin
and myosin work in unison to help promote mus-
cle movement, such as an isotonic action, which
is the cornerstone of how you do “work” (remem-
ber W=FxD) when lifting weights or simply
walking, among many other tasks.

Sarcoplasm

Within the plasma membrane is the sarcoplasm,
a muscle fiber’s cytoplasm. This area is rich in
soluble proteins, minerals, high-energy interme-
diates, substrates, enzymes of metabolism, mi-
tochondrial protein, and other necessary organ-
elles. Additionally, Ca®* flux will occur into and
out of this medium as part of the SFT. The sarco-
plasm differs from cytoplasm of other cells due
to the high quantity of stored glycogen as well
as myoglobin, an oxygen-binding compound (or
protein) similar to hemoglobin [5, 10].

Transverse Tubules (T-tubules)

T-tubules are an extensive network of exten-
sions of the plasma membrane that pass later-
ally through and deep into the muscle fiber. Due
to the interconnected pathways of these tubules
through the myofibrils, APs can be rapidly trans-
mitted to individual myofibrils from superficial
to deep. The tubules also act as a pathway for
external substances to enter the cell and waste
products to leave the interior of the muscle fiber.
Each T-tubule lies between two enlarged portions
of the SR called cisternae. These three structures
(SR, T-tubules, and cisternae) form a triad near
the region where actin and myosin overlap [10].
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Sarcoplasmic Reticulum (SR)

The SR, which corresponds to the endoplasmic
reticulum of other cells, is a longitudinal net-
work of tubules that parallel myofibrils and wrap
around them. The SR is a storage site for Ca®"
which is a critical component for muscular con-
traction as introduced above [5].

Along with depolarizing the muscle fiber
membrane, the AP travels over the T-tubule net-
work and directly into the fiber toward the SR.
The SR has a high concentration of Ca®" ions
compared to the sarcoplasm due to an active (i.e.,
ATP requiring) calcium pump in the SR mem-
brane. In response to the muscle impulse (i.e.,
AP), the SR cisternae or terminal sacs housing
Ca’" become more permeable and the Ca®" ions
diffuse into the sarcoplasm.

Phases of the SFT—The Big Picture of
Microscopic Muscle Action

Muscle Fiber Resting Phase

During resting conditions, most Ca?" is stored in
the SR, so little Ca”" is in the myofibril. There-
fore, very few myosin crossbridges are attached
to actin and little to no tension is maintained in
the musculature. Hence, at this time the muscle
is considered to be in a resting state with actin’s
active sites covered by tropomyosin.

Excitation Coupling Phase

Subsequently, when Ca" ions are released from
the SR into the sarcoplasm, they bind to troponin
on actin filaments, effectively changing the con-
formation of troponin. Troponin, therefore, initi-
ates the contraction process by moving tropomy-
osin strands, through a chemical, conformational
change, from the myosin-binding sites on actin.
The fiber’s contractile proteins have now gone
from a resting state to an active state. Further-
more, once tropomyosin has been shifted off of
actin’s binding sites (i.e., myosin-binding sites),

the myosin heads are able to attach, allowing
crossbridge (i.e., the attachment of the myosin
head to actin’s active site) flexion to occur [13].
The force produced at any time is directly re-
lated to the number of myosin crossbridge heads
bound to actin filaments at that instant [ 14]. This
might explain genetic differences in strength po-
tential or development and, therefore, variances
in sport performance based on variable training
adaptations. Conversely, keep in mind that a loss
of muscle fibers, such as during deconditioning,
injury, or aging, is associated with a loss of force
production and, therefore, inadequate myosin
crossbridge formation, among other degrada-
tions.

Recall that every muscle fiber is functionally
connected to an axon of a motor neuron. Specifi-
cally, an oo motor neuron connects and innervates
many muscle fibers. Notably, as mentioned pre-
viously, a motor unit is an a motor neuron and
all the muscle fibers it innervates. The site of
functional connection, not physical connection,
occurs at the synapse.

To review, in order for a muscular action to
occur, an AP or electrical signal must be initi-
ated from the brain or spinal cord to an a motor
neuron. The AP arrives at the dendrites of the a
motor neuron and eventually travels down the
axon to the axon terminal. After the AP reaches
the axon terminal, acetylcholine (ACh) secre-
tion is initiated. ACh is a neurotransmitter syn-
thesized in the cytoplasm of the motor neuron
and in the distal end of the axon. ACh is then
released into the synaptic cleft and binds to spe-
cific receptors in the muscle fiber membrane (on
the postsynaptic membrane). This causes an in-
crease in the permeability of Na* ions and stimu-
lates a muscle impulse due to the entry of these
charged particles into the muscle fiber. This pro-
cess is known as depolarization. Repolarization
occurs when K* effluxes from inside to outside
a cell, such as with a fiber or dendrite. Na*/K*
membrane potentials are maintained, then, via
the Na™/K* ATPase pumps, which continuously
facilitate active transport of the aforementioned
ions across the muscle membrane to maintain a
polarized state.
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Contraction Phase

With the above protein interactions in mind, re-
call that there needs to be a sufficient amount
of energy available in the form of ATP for mus-
cular action to occur and/or be maintained. For
crossbridge flexion or action, energy is derived
from the hydrolysis of ATP to ADP and P;. This
reaction is catalyzed by the enzyme myosin ad-
enosine triphosphatase (ATPase) in the myosin
head, where energy release is captured and held
until “contraction” or crossbridge shortening oc-
curs. After “contraction,” an ATP molecule must
replace the ADP molecule on the myosin cross-
bridge or head in order for the myosin head to
detach from the actin site and be able to re-cock
(and to attach again as needed). Thus, during the
muscle action, the ADP structure detaches so that
ATP is able to bind to the myosin head. Next, the
myosin head detaches from actin and falls back
into a re-cocked position. Spontaneously the ATP
molecule is then enzymatically split to ADP + P,
+ energy, whereby the energy is “held” in the my-
osin head. Now the energized crossbridge or my-
osin head is ready to attach to actin’s active sites
and pull actin toward the center of the sarcomere
as needed. This causes a muscular contraction (or
action) by creating greater overlap of the actin
and myosin filaments and decreasing the length
of the sarcomere. This process continues as long
as ATP is present, nerve impulses release ACh,
and enough Ca" is available in the sarcoplasm
to bind to troponin; otherwise, relaxation occurs
and very few crossbridges remain. Collectively
this cyclical process is termed excitation—con-
traction coupling [15].

Relaxation Phase

As suggested prior, relaxation in the muscle fiber
occurs primarily when nerve impulses cease to
exist and Ca®* is actively taken up into the SR.
Thus, there are a few main events that occur dur-
ing relaxation. First, the remaining ACh in the
synapse is rapidly broken down by acetylcholin-
esterase. This enzyme prevents the continuous
stimulation of a muscle fiber from a nerve im-

pulse. Second, ACh is no longer a stimulus for
the sarcolemma. Moreover, active Ca?" pumps
rapidly move Ca®" back into the SR, causing
greater Ca’* concentrations in the SR than the
sarcoplasm. As the myosin crossbridge links
break, tropomyosin again covers actin’s active
sites, effectually blocking and preventing cross-
bridge attachment. It is important to note that
ATP is required for relaxation to occur. At this
point, the muscle fiber remains relaxed and ener-
gized awaiting the opening of actin’s active site
(i.e., from an appropriate nerve impulse and Ca®*
release into the sarcoplasm). Figure 2.4 succinct-
ly summarizes the SFT.

Proprioceptors in Muscles, Joints, and
Tendons

Last but not least, let us explore a brief flurry of
information derived from the musculoskeletal
system itself. These proprioceptors provide in-
formation to protect or enhance a muscular action
and our awareness of limb movement. In short,
muscles spindles, Golgi tendon organs (GTO),
and Pacinian corpuscles are the main receptor we
will discuss. They all serve to enhance our abil-
ity to move or mobilize muscle in a coordinated
and protected fashion. “Proprioception can be de-
fined as the cumulative neural input to the central
nervous system from specialized nerve endings
called mechanoreceptors,” according to Ribeiro
etal. [16].

With that in mind, let us discuss the primary
proprioceptor, muscle spindles, which provide
mechanosensory feedback regarding altera-
tions in skeletal muscle fiber length and tension
[5]. Foremost, the spindles, which are wrapped
around intrafusal fibers surrounded by extrafusal
fibers, provide feedback about muscle stretch
and, therefore, will initiate a counteraction if too
much stretch is “sensed.” This opposing action is
in the form of a contraction whereby the muscle
belly shortens, avoiding a potential “over-stretch”
of the fiber. Interestingly, this might be advanta-
geous to power development (e.g., plyometric-
type exercise) in that a greater force-producing
effort may be realized if the “stretch reflex” is
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Myosin heads split ATP
and become reoriented
and energized

@

@

As myosin heads bind
ATP, the crossbridges
detach from actin

Fig. 2.4 Microscopic view of the sliding filament theory
(SFT) in a single fiber. Note that ATP is the primary driv-
er of this process. When ATP binds to the myosin head,
crossbridge dissociation occurs and ATP is split to ADP

invoked. In short, this is due to a stretch-short-
ening cycle (SSC) [17] phenomenon whereby
the series elastic component of muscle (i.e., ten-
dons) stores energy and along with stretch reflex
activation, maximal enhancement of muscle re-
cruitment over a short time period is realized.
Furthermore, the parallel elastic component (i.c.,
epimysium, perimysium, endomysium, and sar-
colemma; discussed in Chap. 3) of muscle reacts
with a passive force [17]. Collectively, the SSC
and muscle spindle activation helps the relay of
information related to dynamic movement and
interaction with conscious and subconscious
areas of the CNS. Importantly, proprioception is
largely outside of conscious control most of the
time, contributing to functions such as maintain-
ing posture or position of body parts [17]. More-
over, it is efficient not to “think” about our body
in space during every day activities and to react
reflexively during sport performance.

If ATP is available and Ca* is
present, excitation-contraction
coupling will continue.

Myosin ATPase splits
AQR) ATP to ADP + Pi in the
myosin head

o Myosin heads move actin
over myosin in a power
stroke or contraction; the
muscle belly enlarges.

+ Pi + energy captured in the myosin head until the head
reattaches to actin and a power stroke is realized. Thus,
metabolic production of ATP is the ultimate driver of sus-
tained muscle action. (Courtesy of Elizabeth A. Drum)

Another proprioceptive entity is the GTO.
This sensor is located in tendons near the myo-
tendinous junction. It is positioned in series or
end to end in extrafusal muscle fibers. When acti-
vated by a significantly large load on the muscle,
the GTO sends afferent signals to an interneuron
in the spinal cord that synapses with and inhibits
a motor neuron aligning with the same muscle
[17]. You may have predicted that the end re-
sult of this feedback is a decline in tension on
the muscle and tendon. Thus, GTOs cause the
muscle to inactivate versus muscle spindles that
cause muscle to react or activate (i.e., shorten).
Taken together, both types of proprioceptors
serve a protective function and relay information
to the nervous system about potential changes in
body movement that could be harmful. On the
other hand, both spindles and GTOs may assist
with exercise or sport performance by helping
with increased force production. Recall that mus-
cle spindles are part of the SSC occurrence. As
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for GTOs, resistance training may modify GTO
activation by training the motor cortex to over-
ride GTO inhibitory effects and thereby allow for
greater force realization in an overloaded muscle
[17].

The third and final mechanoreceptor to be
discussed is the Pacinian corpuscle. This struc-
ture is found in tendon sheaths and intramuscular
connective tissue. Generally, it is thought of as
a large and highly structured end organ in cuta-
neous and tendinous tissue and is predominantly
susceptible to high-velocity changes in limb ac-
celeration and deceleration [18]. Therefore, the
Pacinian corpuscle quickly adjusts at the start of
joint movements during rapid changes in stress.

Free Nerve Ending
(pain, temperature) . o

Fig. 2.5 The interaction of a muscle spindle and Golgi
tendon organ (GTO) in relation to muscle action. The
spindles cause the muscle to “contract” when too much

For example, closed chain movements may be
especially suitable for rapid joint movements at
a variety of velocities. This could modify the Pa-
cinian corpuscles [18], among other mechanore-
ceptors.

Finally, a vital point is that proprioception
tends to decline with age and is compounded by
a lack of consistent and deliberate physical activ-
ity. For the most part, the muscle spindles tend to
become less effective than the GTOs over time.
Keeping in mind that proprioception is a com-
bination of joint position sense and the sense of
limb movement, both of which are important
components of producing a smooth and coordi-
nated joint movement [16]. The significance of

stretch is sensed and the GTOs respond by causing the
muscle to “relax” if too much tension is realized. (Cour-
tesy of Elizabeth A. Drum)
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this is that if a person progressively becomes less
functional in their ability to detect a joint angle
or passive motion of a limb, they become more
likely to lose balance and fall. Therefore, consis-
tent exercise tends to positively modulate mor-
phological characteristics in mechanoreceptors,
namely the primary sensor or muscle spindles,
as we age [16]. Ultimately, by maintaining large
muscle movement activity, such as walking, run-
ning, and/or resistance training throughout the
lifespan, proprioception at both the peripheral
and central levels is maintained or improved.
Figure 2.5 illustrates the key proprioceptors dis-
cussed prior.
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Structure and Organization of
Skeletal Muscle

J. Bryan Dixon, Scott N. Drum and Ryan Weatherwax

Introduction

Skeletal muscle can be studied and understood at
a variety of scales or levels. Recall that Chap. 1
considered the gross anatomy of the leg. This
classical approach to anatomy informs many of
our clinical assumptions and discussions. How-
ever, a reliance on gross anatomy can be mislead-
ing or less informative. For instance, fascial con-
nections can beguile attempts to isolate muscle
function, while the size and shape of muscles can
lead to faulty inferences about in vivo muscle
function. Chapter 2 focused on the molecular
structure of skeletal muscle. This molecular and
cellular approach provides the basis to under-
standing the physiological principles of skeletal
muscle. However, understanding muscle func-
tion on a physiological scale provides an incom-
plete explanation of the variability seen in clini-
cal muscle function or human performance.
Therefore, this chapter will focus on an interme-
diate scale, where we discuss the internal structure
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of skeletal muscle, a bridge between gross anatomy
and molecular physiology. We begin with a gen-
eral and idealized description of skeletal muscle
architecture before moving to a more detailed dis-
cussion. Skeletal muscle architecture reveals sur-
prising insights into the functional properties of
individual muscles and has important clinical cor-
ollaries. Skeletal muscle architecture, or “design,”
can be viewed as a hierarchical matrix. In this per-
spective, the individual constituent components are
arranged to form a composite structure that gives
rise to many of the properties that we recognize
at the clinical level as individual muscle function.
The chapter concludes with a discussion of skeletal
muscle connective tissue and satellite cells.

General Muscle Architecture
Categories

Muscle fibers, also known as muscle cells, are elon-
gated and cylindrical in shape. They have varying
and mutable diameters, which at largest approxi-
mate the average diameter of a human hair. Muscle
fiber length is also highly variable with the longest
fibers of the sartorius muscle reaching 40 cm in
length. The number of muscle fibers within a single
muscle range from several hundred to more than
a million. The internal architecture of a muscle is
largely determined by the characteristics and ar-
rangement of these muscle fibers. Furthermore,
patterns of muscle fiber arrangements produce
morphological features of muscles that have given
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rise to a commonly used muscle classification sche-
ma designating muscles as parallel or pennate.

Parallel muscles are defined by the relatively
parallel arrangement of muscle fibers to the axis
of pull of the tendon. Parallel muscles are often
further classified as flat or fusiform. Fusiform
muscles are thicker in the middle and taper to-
ward the ends (i.e., biceps brachii). This spindle
shape is often used for the classic illustration of
an idealized muscle.

Pennate muscles derive their name from the
Latin penna for feather and share many analogous
features of vaned feathers. In a vaned feather,
branches or barbs attach at an angle to a central
shaft or rachis, while in a pennate muscle, the
muscle fibers attach at an angle to a tendon. The
degree of obliquity of the fiber relative to the axis
of pull of the tendon is the defining feature of pen-
nate muscles and is described by the pennation
angle. This architectural arrangement results in
reduced force acting along the axis of pull of the
tendon per fiber, but allows for more fibers to be
packed into the muscle resulting in an overall in-
crease in force production compared to a muscle
of parallel design with a similar anatomical cross-
sectional area. Pennate muscles are further clas-
sified as unipennate, bipennate, or multipennate.

Although commonly used to describe indi-
vidual skeletal muscles, these general categories
are the idealized schemas. Describing a muscle
as parallel or pennate does not capture the com-
plexity of muscle fiber arrangements in vivo.
Nevertheless, looking at the extremes of parallel
and multipennate architecture provides important
insight into the importance of the architectural
structure of muscle and the impact on function.

Anatomical and Physiologic Cross-
Sectional Area

The greater the pennation angle and the more
complex the pennation pattern, the more muscle
fibers can be packed into a muscle and the great-
er force it can generate. Because of the effect of
pennation angle and pattern on force production,
the physiological cross-sectional area (PSCA)
is a more accurate assessment of force poten-
tial than anatomical cross-sectional area. This

is one example where relying on gross anatomy
can lead to less predictive assumptions about the
potential for muscle force development. While
anatomical cross-sectional area corresponds rela-
tively well to force generation in muscles with
parallel architecture, using anatomical cross sec-
tion underestimates the force generation of pen-
nate muscles as it fails to account for the oblique
and shorter fibers that do not span the thickest
part of the muscle, but contribute equally to force
generation. As described below, PSCA, mea-
sured perpendicular to the muscle fibers, helps
solve this problem and is a more accurate way to
assess force potential of a given muscle.

As discussed in Chap. 2, skeletal muscle is
composed of slow- and fast-twitch fiber varia-
tions. These fiber types convey different func-
tional properties. At the extremes of fiber types
and performance demands, the effect or influence
of fiber type is glaringly apparent (e.g., slow-
twitch marathoner vs. a fast-twitch sprinter).
However, it should be noted that during routine
performance demands for the general population
the effect of fiber type is modest. The effect size
of fiber type on muscle performance is further re-
duced by adaptations that occur during dedicated
training programs. This is not to dismiss the im-
portance of muscle fiber type in the physiology
of skeletal muscle, but rather to caution against
the tendency to overemphasize the importance of
fiber type at the expense of other considerations
of skeletal muscle function; a tendency which
may stem from the familiarly with fiber type dif-
ferences and the ease of measuring fiber type for
both research and performance purposes.

Emergent Properties of the Sarcomere

As discussed in Chap. 2, muscle fiber contraction
is a complex process that involves cellular and
chemical interactions. Recall that the smallest
contractile unit of a muscle is termed the sarco-
mere, which is made up of thin (actin) and thick
(myosin) filaments. Sarcomeres are joined end to
end at the Z-disk or Z-line to create a myofibril.
Hundreds to thousands of myofibrils are bundled
together to form the cellular contractile unit of a
muscle fiber.
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The variability in myofibril length, known
as serial sarcomere number, determines the dis-
tance a muscle fiber can shorten. The number of
myofibrils within a muscle fiber, known as par-
allel sarcomere number, determines the potential
force of the muscle fiber. The contractile prop-
erties of a sarcomere are functionally equivalent
in all human skeletal muscles. Each sarcomere
can generate an equivalent force and shorten an
equivalent distance. Therefore, the number of
sarcomeres arranged in series determines the dis-
tance a muscle fiber can shorten (often referred to
as the muscle’s excursion) and the number of sar-
comeres arranged in parallel determines the force
capability of an individual muscle fiber.

A muscle fiber with long myofibrils has a high
excursion potential. A muscle fiber that packs in
many myofibrils will have high force potential.
These two architectural properties of the muscle
fiber, myofibril length and myofibril density, de-
termine the excursion and force potential of an
individual muscle fiber. The functional proper-
ties of an individual muscle have been shown to
correlate closely with the sum of these muscle
fiber properties within that muscle. Therefore, to
understand the properties of an individual muscle
at the clinical level requires an understanding of
the characteristics of the individual muscle fibers
within that muscle.

Myofibril density is approximated using the
PSCA of the muscle. This value is calculated
using the mass of the muscle (m), the fiber length
of the muscle (L), the pennation angle (cos6), and
a constant for muscle density (p) [1].

PSCA=m-cosf /p - L

Because muscle fiber length usually correlates
closely with myofibril length, muscle fiber length
is used as a marker for excursion potential or
velocity. Therefore, muscle fiber length is used
to determine excursion, while PSCA is used to
determine force. The force—velocity relationship
inherent in internal muscle design indicates that
as the speed of a muscular action increases, force
production drops and vice versa.

Based on these relationships, we can predict
that there will be inherent trade-offs in muscle

function based on the particular design of a mus-
cle. If a muscle has both long fibers and a large
cross-sectional area, it will be capable of both
high excursion and high force, but will neces-
sarily have a high mass and metabolic demand.
On the other hand, muscles with long fibers, but
small cross-sectional area, will have high excur-
sion but low force potential. Contrary to the prior
statement, muscles with a large cross-sectional
area, but short fibers will have high force and low
excursion potential. A fourth possibility would be
observing short fibers with a small cross-section-
al area. These muscles would have low mass and
metabolic demand, but limited force and move-
ment potential.

With the inherent trade-offs in function, we
would expect muscles to be specialized to their
functional role, so only the necessary features to
accomplish the range of performance required
would be present. That is, we would expect the
structure of muscle to closely follow from the
function of that muscle. Dr. Sam Ward has de-
veloped this concept of structural-functional re-
lationships for muscles of the lower extremity by
experientially determining the structure of indi-
vidual muscles and proposing general categories
for these specialized functions. Table 3.1 shows
the experimentally determined architectural val-
ues for muscles of the leg.

The data obtained by Ward suggest that
muscles tend to fall into particular categories
of architectural design and, hence, categories
of function. Ward has developed functional cat-
egories based on these data that have particular
practical relevance for clinicians and perfor-
mance specialists. Stabilizing muscles, which
exhibit high force potential, have a large PSCA,
and small fiber length. Mobility muscles, which
have a high excursion potential, are made up of
long fibers but small cross-sectional area. Super
muscles have both long fibers and high cross-
sectional areas. Joint tuning muscles have small
fiber length and small cross-sectional area. These
data-driven schemas are helpful in understanding
the functional specialization of individual mus-
cles and have particular practical relevance for
clinicians and performance specialists. Table 3.2
and Fig. 3.1.
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Table 3.2 Summary of the structure function trade-offs

in skeletal muscle design
Long fiber length  Short fiber length
Super muscles

Large cross- Stabilizer muscles

sectional area  (high dynamic (high static force)
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Fig. 3.1 Scatterplots of muscle fiber length versus PCSA
for the a ankle, b knee, and ¢ hip are shown. a At the
ankle, the muscles follow the classic trade-off between
PCSA and fiber length; large PCSA correlates with short
fibers. Also at the ankle, plantarflexor and dorsiflexor
fiber lengths are dramatically different from those of

Furthermore, when muscles are analyzed as
a functional group, the associated muscles often
have unique structural designs and, therefore,
different functional specializations. These com-
binations appear to be synergistic, allowing for
a broad range of function with maximal efficien-
cy. As an example of this phenomenon, Leiber
observed that in the upper extremity synergetic
muscles with unique design properties allowed
for reduced total mass (as much as 30%) com-
pared to the requirements for a single muscle to
meet an equivalent performance spectrum [1].

Length-Tension Relationship Inherent
in Internal Muscle Design

The length of a muscle fiber relative to its opti-
mal length is critical in determining the amount
of force or tension that can be developed. The
optimal length can be defined as the length of
the sarcomere, or the smallest contractile unit of
a fiber, that provides ideal overlap of thick and
thin filaments. Therefore, when optimal length is
obtained in a sarcomere, the greatest amount of
force production is possible because of optimal

previous reports. b At the knee, the quadriceps and ham-
strings have opposite architectural trends. The quadriceps
muscles range from short-fibered, small PCS4 to long-
fibered, large PCSA, whereas the hamstrings follow the
classic pattern of short fibers, large PCS4 to long fibers,
and small PCSA. Importantly, the vastus lateralis would
be expected to dominate function. ¢ At the hip, the mus-
cles follow the classic trade-off between fiber length and
PCSA. The gluteus medius and maximus would be ex-
pected to dominate function. PCS4 physiologic cross-sec-
tional area, Sol soleus, GMH gastrocnemius medial head,
LMH gastrocnemius lateral head, TP tibialis posterior, PL
peroneus longus, PB peroneus brevis, FHL flexor hallucis
longus, FDL flexor digitorum longus, 74 tibialis anterior,
EHL extensor hallucis longus, EDL extensor digitorum
longus, VL vastus lateralis, VM vastus medialis, V1 vastus
intermedius, RF rectus femoris, ST semitendinosus, SM
semimembranosus, BFLH biceps femoris lateral head,
BFSH biceps femoris short head, G med gluteus medius,
G max gluteus maximus, Add M adductor magnus, Add
L adductor longus, Add B adductor brevis, GR gracilis,
SR sartorius. All values are plotted as mean + standard
error. *=muscles with the largest (»<0.05) PCSA in their
respective muscle group. (From: [2]. Reprinted with per-
mission from Springer Publishing)



32

J. B. Dixon et al.

actin—myosin interaction. Increases or decreases
beyond this optimal level (either shorter or lon-
ger) result in reduced force potential. Hence,
when a muscle is shorter or longer than optimal
length, there is impairment in maximal or opti-
mal force production. This suggests that muscles
are also designed to operate within a relatively
narrow range of length. Changes in muscle
length, both due to natural or iatrogenic causes,
will likely change the functional properties of the
muscle, and may have a concomitant effect on
the broader functional muscle groups related to
that muscle. Therefore, determining and attempt-
ing to restore optimal length is critical in surgical
and rehabilitation efforts [3].

One caveat to the length sensitive nature of
muscles in force production occurs during ec-
centric action. Eccentric actions result in a net
increase of energy into the muscle and cause the
cross bridges to attach stronger. This leads to the
somewhat counterintuitive fact that muscles can
resist more force than they are capable of gen-
erating. Some muscles appear to have specific
design features that are specialized to store the
passive energy of eccentric actions resulting in
functional advantages. Therefore, understanding
the passive properties of individual muscles and
the associated soft tissue is also important in un-
derstanding function.

Passive Properties of Muscles and
Connective Tissue in Skeletal Muscle
Design

Fascia, considered as a dense connective tissue,
holds a muscle in place and provides separation
from adjacent muscles and structures. Fascia ex-
tends beyond the ends of muscle fibers to form
slings of connective tissue and cordlike tendons.
The tendon serves as an anchor by intertwin-
ing with the periosteum, or outer layer, of bone.
Additionally, the associated fascia form fibrous
sheets called aponeuroses, which allow for the
interaction of the muscle with bone or outer lay-
ers of adjacent muscles. In actuality, fascia layers
give the entire muscular system “flexibility” to
move around within a defined but fluid space [4].

Fascia also plays a role in chronic injuries
and can contribute to clinically relevant prob-
lems, such as chronic exertional compartment
syndrome. Chronic exertional compartment syn-
drome is manifested by symptomatically elevat-
ed intracompartmental pressure within inelastic
fascia and is particularly common in the lower
extremities [5]. All in all, when considering the
structure of skeletal muscle, be aware of multiple
layers of connective tissue and the role fascia can
play in injury and functional limitations.

Taking a closer look at fascia of skeletal mus-
cle, you will see three distinct fascia layers viewed
from superficial to deep. The entire outside cir-
cumference of skeletal muscle is surrounded
by the epimysium (from the Greek prefix epi—
above or upon and suffix mysium—abstract noun
for muscle) just beneath the skin, which allows
for free movement of skin. Next, deeper versus
the former layer, bundles of muscle fibers exist
called fascicles that are enveloped by the peri-
mysium (near or encircling the muscle), which
surrounds each fascicle containing many muscle
fibers. Around each individual muscle fiber is the
endomysium (inside or within the muscle). The
function of the endomysium and perimysium re-
mains under investigation, but likely contribute,
along with titin and other muscle cell structures,
to unique passive mechanical tension properties
of particular muscles. Figure 3.2 depicts the vari-
ous fascia layers.

The endomysium, as described above, is actu-
ally composed of two separate membranes. The
outermost membrane is referred to as the base-
ment membrane, whereas the innermost layer
is the plasma membrane or sarcolemma mem-
brane. Know that the basement membrane is a
loose collection of glycogen proteins with a col-
lagen system and permeable to proteins, solutes,
and other metabolites [6]. On the other hand,
the plasma membrane functions as a true cell
boundary, which may or may not be permeable
to various substances. Despite this, from a regu-
latory standpoint, the plasma membrane utilizes
a variety of transport mechanisms across the cell
membrane [8].

Furthermore, the plasma membrane has
unique features that are critical to the function of
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Fig. 3.2 Graphical representation of the three fascia layers. (Courtesy of Elizabeth A. Drum)

amuscle fiber. There are a series of shallow folds ~ Satellite Cells

or indentations termed caveolae. These folds ap-

pear when the fiber is contracted or in a resting Another fascinating organizational element

state, but disappear as the fiber is lengthened.
During normal physical activity, the caveolae
allow the muscle fibers to extend approximate-
ly 10-15% without causing any damage to the
fiber [9]. The plasma membrane also has a series
of functional folds in the neuromuscular junction
which help assist in the transmission of an action
potential from the motor neuron to the muscle
fiber. Finally, the plasma membrane is much
more selective (vs. the basement membrane) to
ions, solutes, and substrates crossing over, which
contributes to the maintenance of acid—base bal-
ance [9]. The importance of acid—base balance
relates to the proper functioning of skeletal mus-
cle and its ability to continually produce force.
For instance, if the internal muscle environment
becomes too acidic, actin and myosin become
“uncoupled” and force production is severely re-
duced, such as during a hard 5 km running race.

of skeletal muscle is the pervasive presence of
satellite cells, known as myogenic stem cells,
located between the basement and the plasma
membranes of muscle fibers. These small cells
were discovered by Alexander Mauro and named
based on their peripheral location relative to the
muscle fiber [10]. Primarily, satellite cells help
initiate growth and development of existing and
new muscle tissue along with promoting adapta-
tions to training, injury, and disuse stimuli. Sat-
ellite cells have chemotaxis properties that are
stimulated by muscle injury. When stimulated,
satellite cells activate and proliferate, migrating
to the damaged region. Satellite cells can move
from their peripheral location outside the cell
across the plasma membrane through the cyto-
sol to the damaged region and fuse with existing
myofibers (deep in the muscle cell) or differen-
tiate to produce entirely new muscle cells [11].
The remarkable potential that satellite cells have
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Sarcolemma Nuclei
AN

Satellite Cell

Fig. 3.3 Skeletal muscle satellite cells in relation to a sin-
gle skeletal muscle fiber. (Courtesy of Elizabeth A. Drum)

in the recovery of muscle from injury is further
explored in the following chapters. Figure 3.3 il-
lustrates peripheral satellite cells in relation to a
single muscle fiber.
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Pathophysiology of Skeletal

Muscle Injury

Andrew Swentik

Introduction

Muscle injuries are common problems that result
in significant impairment of acute and chronic
functions. An injury, for the purposes of this
chapter, will be defined as a traumatic event that
leads directly or indirectly to pain or loss of func-
tion. This definition provides a broad context in
which the underlying principles, biomechanics,
and pathophysiology of skeletal muscle injuries
are reviewed in this chapter.

Skeletal muscle injuries occur owing to a va-
riety of mechanisms. Fundamentally, a muscle
injury occurs when the force applied to a muscle
results in structural damage of the muscle tissue.
The location, severity, and type of injury are de-
pendent on the mechanism by which the force is
applied, the condition of the tissue prior to injury,
and the state of activation of the muscle during
injury. Each of these factors plays an important
role in determining the totality of any injury. Fa-
miliarity with the underlying mechanisms and
variation in skeletal muscle injury is critical to
the prevention, diagnosis, and treatment of these
injuries. The objective of this chapter is to pro-
vide a scientific background and schema for
understanding skeletal muscle injury as a basis
for informing the specific discussion of muscle
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injuries in the posterior leg contained in the fol-
lowing chapters.

Principles of Skeletal Muscle Injury
Risk Factors

The complex nature of the musculoskeletal sys-
tem, and the multiple interconnected movements
needed to produce locomotion, lead to many pos-
sible areas of dysfunction that can increase the
risk of muscle injury. When thinking broadly, any
condition that limits the musculoskeletal system’s
ability to generate force or absorb energy has the
potential to increase a person’s risk of injury. This
suggests a wide range of possible factors that may
lead to an increased risk of injury (Textbox 4.1).

Textbox 4.1. Risk Factors for Muscle Injury

Factors related to an athlete s risk of muscle injury

Fatigue Conditioning
Weakness Illness

Age Gender
Medications/drugs | Nutritional status

Factors related to risk of injury to a specific muscle
Muscles that cross two joints

Muscles which function primarily in an eccentric
manner

Previously injured muscles
Passively stretched muscles
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Underlying factors such as fatigue, weakness,
and previous injury are often associated with
muscle injury. Other commonly implicated risk
factors include: poor conditioning, impaired nu-
tritional status, age, gender, illness, mediations or
illicit drugs, and skill level [1]. While these fac-
tors contribute to injury risk, their influence and
contributions vary.

Eccentric contraction is also often noted as a
cause for muscle injury, and it has been suggested
muscles that function primarily in an eccentric
manner are at greater risk for injury [1, 2]. A sec-
ond group of muscles noted to be at an increased
risk of injury are those which function across two
joints. These two joint or biarthrodial muscles are
through to be at increased risk of injury due to the
fact that motion at one joint may place the mus-
cle in a compromised position across the second,
leading to an increased risk of injury [3]. Other
muscles at risk for injury include previously in-
jured muscles or those noted to have an imbal-
ance between agonists and antagonists [3].

It is difficult to quantify the effect each factor
has on overall risk, but due to the sheer volume of
risk factors, it is easy to see why it is so difficult
to develop comprehensive prevention programs
and screening tests to eliminate the risk of muscle
injuries in athletes and active people.

Types of Injuries

Injuries are typically classified with respect to the
type, locations, and the severity of tissue damage.
There is a variety of mechanisms that can pro-
duce injuries, and each produces a characteristic
pathology. This specificity is the foundation for
classifying muscle injuries by type. Muscle inju-
ries can be further classified as either primary or
secondary in nature. Primary injuries are a direct
result of trauma to the muscle [3]. Examples of
primary muscle injuries include lacerations, con-
tusions, or strains. In contrast, secondary injuries
have a delayed presentation, which results as a
consequence of events set into place following
the primary injury [4]. Secondary muscle injuries
can follow directly from the evolution of the pri-
mary injury or be precipitated by compensations

made following the primary injury [1]. In addi-
tion, muscle injuries are also typically described
as either acute or chronic in nature. The chronic-
ity of any injury is an important determinant in
the treatment and prognosis of a muscle injury.

Primary Injuries

Primary injuries are the most commonly seen
type of injury. The pathophysiology of each pri-
mary injury is unique in its mechanism and its
resulting pathology. Our discussion will focus on
the three most common primary injuries in sports
medicine: contusions, lacerations, and sprains
(Textbox 4.2).

Textbox 4.2. Types of Muscle Injuries

Primary injuries

Strains

Contusions

Lacerations

Secondary injuries

Compartment syndromes

Delayed onset muscle soreness (DOMS)
Myositis ossificans

Contusion injuries are the result of blunt force
trauma directed into the muscle. Contusions are
typically characterized by hematoma formation
and only minor superficial disruption of tissue
[4]. The deeper, unnoticeable damage created
in contusion injuries is often of greater concern
than that notable on the surface. In lacerations,
the insult is a more localized, sharp dissection of
tissue. The damage incurred by tissue in lacera-
tions is often more noticeable and visually im-
pressive than those seen in blunt injuries. How-
ever, the true extent of injury in lacerations is
often more localized and, therefore, may result
in less structural damage than those seen in blunt
injuries. However, in the setting of large or deep
penetrating lacerations, the structural damage
can be quite severe. The most commonly seen
primary muscle injuries are muscle strains, which
represent almost half of all athletic injuries [4].
Contributing factors to strains are the magnitude
of force applied, rate of force application, and
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the mechanical strength of the muscle unit being
tested [1]. Strains are classified based on the se-
verity of tissue disruption, degree of dysfunction,
and expected return to competition. Mild strains
are those with minimal or no evidence of struc-
tural damage to the muscle. Strains that result in
partial tearing of the muscle, but less than full
thickness, are termed moderate. Severe strains
are those with full or nearly full disruption of the
muscle and are associated with marked impair-
ment of function [1]. This muscle strain clas-
sification system is an attempt to simplify the
continuum of strain injuries to aid in treatment
decisions and help predict timing of expected re-
covery. Unfortunately, there remains significant
variation within each group, and this limits the
clinical utility of the classification system in at-
tempts to make more nuanced assessments.

Secondary Injuries

The delayed presentation of secondary injuries
can make their diagnosis more challenging than
primary injuries. Examples of secondary inju-
ries include compartment syndromes, delayed
onset muscle soreness (DOMS), and myositis
ossificans. This group also includes injuries that
result secondary to alterations in a person’s gait
or movement patterns necessitated by compen-
sations from the primary injury. The underlying
theme in secondary injuries is that each injury is
a consequence of some inciting event or pathol-
ogy. Therefore, addressing secondary injuries
requires identifying and optimizing treatment of
the primary insult as well as addressing the sec-
ondary injury.

Compartment syndromes are characterized by
pathologically increased tissue pressure within a
confined space [4]. Compartment syndromes can
be acute or chronic. One of the more common
inciting events of acute compartment syndrome
is severe blunt trauma. Blunt trauma has the po-
tential to lead to compartment syndrome via fluid
accumulation secondary to two different mecha-
nisms. First, it may cause induction of the local
inflammatory response following the traumatic
event, leading to soft tissue swelling and edema.
Secondly, if the trauma is severe enough, it may
also cause direct compromise of vasculature

within the muscle, leading to bleeding and in-
creased severity of the resulting edema [2]. Both
mechanisms result in an increase in pressure
within a confined space, leading to compression
of the arterioles and an ischemic insult [4]. Acute
compartment syndromes are considered an acute
surgical emergency.

DOMS is a secondary injury seen following
repeated eccentric contractions and is distin-
guished by its delayed onset. DOMS is typically
noticed 12-24 h postexercise and typically peaks
in intensity at 48 h [3-5]. It is described as a dull
ache that increases in intensity with compression,
stretching of the muscle, or contraction [6]. As
the name suggests, it presents as soreness of the
affected muscle and is often associated with re-
duced range of motion and stiffness. DOMS is
classically seen following repetitive eccentric ex-
ercise or activity. DOMS usually is preceded by a
notable loss of force development or exhaustion
in the involved muscles exhibited during exercise.
However, recent investigations have produced
evidence to indicate the pathology responsible
for the noted force deficit seen during eccentric
exercise bouts is independent of the pathologic
process responsible for DOMS [3]. The patho-
physiology of DOMS is not well understood,
with multiple theories currently being investi-
gated. The cause of DOMS may be a combina-
tion of several proposed mechanisms. However,
the sensitization of high-threshold mechanosen-
sitve (HTM) receptors, the primary receptors
for pressure-mediated pain in skeletal muscle,
likely plays a major role. HTM receptors within
skeletal muscle are typically in contact with the
vascular bundles and have associations with the
connective tissue but do not have direct contact
with myofibers [5, 6]. The sensitivity of these re-
ceptors is increased by bradykinin and serotonin,
both of which are commonly released from cells
during an acute inflammatory reaction. The pro-
cess responsible for the propagation and release
of these sensitizing agents remains controversial.
It is likely that the eccentric movements, which
typically precede DOMS, create enough force
on the muscle to cause a disruption within the
muscle itself. The location of this disruption has
at least two possible locations. Connective tissue
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and passive elements within the muscle play a
critical role in the absorption of energy created
during eccentric exercise and may become dam-
aged following unaccustomed patterns of activ-
ity. Injury to these structures may induce local
inflammatory responses responsible for initiating
DOMS without disruption of the other muscle
tissue elements [6]. Connective tissue damage
as a cause, rather than damage to myofibers, is
supported by the fact that markers of myofiber
injury have not correlated well with the magni-
tude of DOMS in multiple studies. It has also
been shown that there is a significant increase in
urinary hydroxyproline, a breakdown product of
collagen, in subjects suffering from DOMS [7].
However, direct myofiber injury has implicated
as well and is supported by studies which have
shown disruption and disorganization of myofi-
bers of muscle in subjects with DOMS [6]. While
the exact mechanism of DOMS remains elusive,
continued investigations into the underlying pa-
thology will have important clinical implications
for athletes and active people.

As noted above, early force deficits noted fol-
lowing eccentric contractions were once thought
to be induced by the same pathologic process as
DOMS. However, studies have repeatedly dem-
onstrated that as repetitions increased, the mag-
nitude of the force deficit decreased, while the
magnitude of DOMS and cellular pathology con-
tinue to increase [6]. Further support for differing
mechanisms between observed alterations in task
performance and the pathology causing DOMS is
demonstrated through the finding that by increas-
ing the interval time between repetitions, it is
possible to prevent the histological changes typi-
cally seen with repeated eccentric contractions,
without the ability to prevent significant loss of
force generation [8]. Both of these findings indi-
cate that the loss of function is likely the result of
a local, transient, and reversible alteration within
the cell. Probable explanations include disruption
in the excitation—contraction coupling mecha-
nism or the sarcomeres themselves, which lead
to ineffective contractions [6].

Myositis ossificans is a condition seen fol-
lowing contusion injuries in which there is

subsequent calcification of the muscle [4]. The
arm and anterior thigh are the most common lo-
cations, a finding mostly likely due to the fact
that those locations are the most common loca-
tions for severe contusion injuries [9]. One major
risk factor for myositis ossificans is early reinju-
ry to the muscle; this finding supports a theory of
altered healing response as a possible mechanism
for developing myositis ossificans. Unfortunate-
ly, the pathologic process underlying myositis
ossificans is still not well understood, and it re-
mains a secondary complication of muscle injury,
resulting in significant morbidity with poor treat-
ment options [4].

Chronic Injury

Although the focus of this chapter is primarily
on acute injury, chronic injuries are an important
classification of muscle injuries that have a dif-
fering pathophysiologic basis and resulting pa-
thology. Chronic inflammation is often a result
of repeated trauma or incomplete recovery from
injury [1]. Tissues not fully recovered from an in-
jury have the potential to enter a cycle of chronic
inflammation and recurrent damage, secondary to
the inflammation and/or degeneration. The hall-
marks of chronic inflammation are mononuclear
cells, tissue destruction, and fibrosis [10]. The
proper treatment of acute injuries and full recov-
ery prior to return of participation is one of the
best ways to prevent chronic injuries. This high-
lights the critical role of acute injury manage-
ment as the cornerstone of diagnosis, treatment,
and prevention of muscle injuries more generally.

Injury Locations

Skeletal muscle injuries can be hard to predict
and prevent. However, an understanding of skel-
etal muscle injury mechanisms and patterns can
aid in diagnosis and prevention. The location
and mechanism of laceration injuries is highly
variable. However, skeletal muscle lacerations
are most often caused by blunt traumas, such
as a blow, collision, or fall, that penetrate deep
tissue and muscle. Lower extremity lacerations



4 Pathophysiology of Skeletal Muscle Injury

39

account for about 13 % of lacerations evaluated
in the emergency department [11]. The overlying
soft tissue of the posterior leg provides minimal
protection for the underlying structures; so, it is
important to consider injury to vessels, tendon,
or nerve when evaluating laceration injuries in
the posterior leg. Lacerations of the muscle may
require surgical debridement, repair, and evacu-
ation of hematoma or lavage. Several important
structures in the posterior leg are at risk for lac-
eration injury, most notably the Achilles tendon.

As mentioned, most of the lacerations seen in-
volving the posterior leg are secondary to blunt
trauma. This increases the risk of infection in
these wounds for several reasons: first, because
most of the traumatic lacerations result in irregu-
larly shaped wounds, which have a high rate of
contamination. The wounds are also at a higher
risk of infection because the lower extremity has
a decreased ability to heal wounds secondary to
the increased hydrostatic pressure and resulting
edema seen in traumatic wounds of this area [12].
It is important to note the immunization status
of a patient with leg lacerations as the resulting
contamination of the wound can introduce bac-
teria into the tissue, leading to a potential for
tetanus. Due to the biomechanical importance of
the posterior leg, as well as the increased risk of
poor healing and infection, proper evaluation and
treatment of leg lacerations is essential to avoid
potential complications.

Muscle contusions are the second most com-
mon sports injury [13]. The severity and result-
ing limitations produced by contusions are more
predictable and are direct products of the object
and force which resulted in the trauma. These
factors determine the degree of myofibril and
vascular disruption and the size of the associated
intramuscular hematoma. Contusion injuries ini-
tiate an immediate cascade of pathophysiologic
changes, and the initial management approach
focuses on limiting hematoma formation, further
muscle damage, and potential complications such
as compartment syndrome or myositis ossificans.

While lacerations and contusion injuries are
unpredictable and located at the site of trau-
ma, strain injuries typically occur at consistent

locations within the muscle. The myotendinous
junction (MTJ) has been well established as the
principal site of acute muscle strains [1-4, 6].
The severity of strain injuries is dependent on
the magnitude of force applied, rate of force ap-
plication, and strength of the musculotendinous
structures involved [6]. Studies of strain injuries
have also highlighted the difference between
passively stretched and activated muscle. These
studies consistently demonstrate that there is no
difference in the muscle length at failure between
passive and stimulated muscles [6]. However, the
amount of force required prior to failure has been
shown to be 15-30% higher, and the amount of
energy that a muscle is able to absorb is estimated
to be around 100 % higher in stimulated muscles
when compared to muscles passively stretched to
failure [1, 14, 15]. In both stimulated and pas-
sive muscles, the site of failure is consistently
the MTJ, although there are subtle differences
in the exact location of failure depending on the
activation status of the muscle. Using electron
microscopy, Tidball was able to show actively
stimulated muscles fail at the proximal MTJ just
external to the membrane, with no soft tissue still
attached. This is in contrast to the disruption oc-
curring at the z-disk just distal to the proximal
MT]J seen in passive muscle failure [14]. So,
while the general location of strain injuries is
consistent at the MTJ, there is some predictable
variability in the structural components which
failed, depending on the state of muscle activa-
tion at the time of injury.

Biomechanics of Injury

Biomechanical properties of the musculoskeletal
system are functionally important in injuries. An
understanding of the force distribution in motion
and the ability of muscles to generate force is es-
sential when attempting to determine the nature
of muscle injuries. Beginning with the functional
units of muscle, their organization, and support-
ing tissue will allow us to proceed into force
production and energy absorption, and help us
understand the fundamental properties of injury.
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Organization

The function of the musculoskeletal system is de-
pendent on its structural organization. The struc-
ture, organization, and physiology of the muscu-
loskeletal system were the focus of the preceding
chapters, but here we will review a few important
properties critical to the pathophysiology of mus-
cle injuries (Textbox 4.3).

Textbox 4.3. General Outline of Muscle
Structure

Contractile unit: Sarcomere

Functional unit: | Composed of sarcomeres

Muscle fiber arranged in series
Muscle fiber Parallel: Fusiform, Fan, Strap
arrangement Pennate: Unipennate, Bipen-

nate, Multipennate

We will begin by reviewing the functional unit
of muscle: the muscle fiber. The important de-
tail of a muscle fiber is the simple fact that it is
composed of multiple sarcomeres, which are the
smallest contractile unit of muscle [1, 4]. Indi-
vidual muscle fibers are bundled together into
fascicles and arranged in various patterns. The
different arrangements include parallel or pen-
nate structures, which each have significantly
different biomechanical properties. Parallel
muscles can be subclassified as fusiform, fan,
or strap muscles, while pennate muscles can be
unipennate, bipennate, or multipennate in form.
Muscles are innervated by o motor neurons that
are organized into motor units controlling specif-
ic muscle fibers throughout the muscle. A motor
unit consists of anywhere between 10 and more
than 1000 muscle fibers, distributed throughout
the muscle [4]. It is believed that the neuron itself
plays an important role in determining fiber type,
with each neuron innervating a homogenous pop-
ulation of fibers. The arrangement of sarcomeres,
pattern of muscle fiber alignment, and individual
motor units all impart specific biomechanical
properties into muscles and are important deter-
minants in the functional capabilities of a given
muscle and also the risk for injury in that muscle.

Force Production

Force generation is a complicated process, which
is dependent not only on the biomechanical prop-
erties of muscle but the manner in which they
are activated. The central nervous system is able
to vary the input into muscles using temporal or
spatial summation. Temporal summation alters
force production by increasing the frequency
of neuron firing, while spatial summation is ac-
complished by increasing the number of motor
units recruited. Spatial summation’s use is lim-
ited to forces less than 50% of maximum force
generation, after which temporal summation is
required [4]. The modulation of muscle activa-
tion by these summation strategies allows for the
efficient generation of force to effectively carry
out our daily activities.

Also important to the discussion of muscle
injuries are the biomechanical properties of
muscle that influence force production. The
length—tension and force—velocity properties of
muscle help illustrate the importance of muscle
structure. The amount of force a muscle is ca-
pable of producing is proportional to the number
of cross-bridges in parallel. The length—tension
principle states that as the length of a muscle is
altered from its optimal cross-bridge length, the
muscle will have a resulting decrease in ability to
produce force [1]. This relationship is ultimately
the result of a decrease in the number of cross-
bridges available as the muscle changes length
[1]. The force—velocity relationship states that
as the velocity of muscle contractions increases,
its ability to generate force decreases [1]. As
mentioned, the sarcomeres in a muscle fiber are
arranged in series, while the unique pennate ar-
rangement of muscles is akin to adding muscle
fibers in parallel within the muscle. Adding
cross-bridges in series is important for increas-
ing velocity production, while adding them in
parallel will increase force generation. We now
have a basic understanding of a muscle’s ability
to generate force, and a moderate assessment of
its risk for injury, by noting the location of mus-
cle, the number of joints crossed, and the fiber
arrangement.
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Energy Absorption

Force production is important, but a muscle’s
ability to absorb energy also plays an important
role in injuries. Muscle has both active and pas-
sive properties, which are involved in energy
absorption. Passive properties are determined
by the connective tissue contained within the
muscle and are independent of the state of acti-
vation of the muscle. The passive component of
energy absorption is a function of all noncontrac-
tile proteins found within the muscle, including
collagen, sarcomeres, and even the endomysium
[3]. Passive properties of the muscle are also im-
portant in distribution of tension within a muscle
[1]. Active properties of muscle are determined
by the contractile units, and their ability to absorb
energy is highly dependent on the state of acti-
vation. Active muscle will absorb 100% more
energy prior to failure than passively stretched
muscle [3, 14]. This increase in ability to absorb
energy plays an important role in our ability to
protect ourselves from injury. This structural
property of muscle explains the common obser-
vation that injuries often occur when the individ-
ual is caught off guard by a sudden application of
force or change in body position.

Pathophysiology of Skeletal Muscle
Injury

Anyone who has ever experienced or carefully
observed a muscle injury can attest to hall-
marks of inflammation as famously described by
Roman physician and polymath Aulus Cornelius
Celsus, “rubor et tumor cum calore et dolore.”
Or redness and swelling with heat and pain. Al-

Table 4.1 Initiation of the inflammatory phase

though our fundamental intuitions and observa-
tions of the pathophysiology of muscle injury
are long standing, our knowledge of the details
underlying these intuitions and observations
continues to expand. Scientific investigation has
led to a detailed account of the local and global
changes that occur post injury. Although there are
commonalities in the major cellular players, the
timing of events, and even some of the chemical
mediators responsible in injuries generally, it is
now clear that each tissue and each type of injury
has its own unique pathophysiology. While our
knowledge of these differences is important, it
remains helpful to understand the pathophysiol-
ogy of injury generally in the broad categories of
inflammation, repair, and remodeling.

Inflammatory Phase

The inflammatory response begins immediately
after injury. The induction of the inflammatory
response will vary depending on the mechanism
of injury. Inflammation is generally considered
as resulting from the coordinated response be-
tween blood vessels, local tissues, and leuko-
cytes, consisting of a change in blood vessel di-
ameter, structural changes in the vasculature, and
leukocyte recruitment to the site of injury [10].
Vasoactive mediators including nitrous oxide
(NO), bradykinin, serotonin, and histamine help
to produce the predictable signs and symptoms of
early inflammation [3] (Table 4.1).

The tearing of the local tissue and blood ves-
sels incites the inflammatory response by releas-
ing localized extracellular matrix (ECM)-bound
growth factors [2]. Inflammatory cytokines from
the vascular system are also released into the

Local tissue response Primary cells Signaling molecules Timing

Local edema PMNs NO From time of injury to 48-72 h*
Local injury induces vasodilation Macrophages Bradykinin

Increased vascular permeability Mast cells Serotonin

Leukocyte activation and attraction Platelets Histamine

PMNs polymorphonuclear leukocyte, NO nitrous oxide

2 Exact timing of inflammatory phase is highly variable and dependent on the type of injury as well as the subsequent

treatment
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injured area. A vascular response quickly fol-
lows and includes a transient vasoconstriction
and subsequent vasodilatation. The primary me-
diators of the vasodilation are histamine and NO.
The vasodilation is accompanied by an increase
in vascular permeability mediated by bradykinin,
substance P, histamine, and leukotrienes [10].
The change in vascular membrane permeability
allows rapid migration of leukocytes, as well as
other inflammatory mediators, and is one of the
major causes of edema that follows muscle in-
juries.

Edema caused by changes in vascular perme-
ability is often accompanied by significant vas-
cular disruption and development of an acute
hematoma. Expansion of the hematoma is lim-
ited by fibrin clot formation and local tissue
characteristics that lead to tamponade. Structural
damage caused by the injury is also limited by
development of a contraction band or membrane
that occurs as part of the local tissue necrosis.
This process was best demonstrated by Hurme
et al. who noted, “The advancing necrotic front
was demarcated by the formation of a new mem-
brane” [16]. Formation of this membrane, sub-
sequently coined a contraction band, early in the
injury process is an important barrier in control-
ling the damage produced by injury. By contain-
ing the hematoma through these mechanisms, a
microenvironment is created that allows the heal-
ing process to progress and be coordinated at a
local level.

Following the acute phase response is the
recruitment and activation of leukocytes. This
stage is propagated by multiple different cells
and stored cytokines typically held in an inactive
state within the ECM [2]. Other chemical media-
tors are locally produced or released from circu-
lating neutrophils, macrophages, mast cells, or
even platelets [10]. Typically, bone marrow cells
such as polymorphonuclear leukocytes (PMNs)
have begun to divide and are found as quickly as
1 h post-injury. PMNs are the predominate cells
found at the site of injury for the first 24-48 h,
at which time macrophages begin to outnumber
neutrophils [2, 10, 17, 18]. Studies have demon-
strated that there are at least two specific popula-
tions of macrophages seen in healing of muscle

injuries. The first become evident in wounds
within 24 h of injury. They play an important
role not only in organization of the wound but
in activation and promotion of myogenic cells.
These macrophages are noted by the expression
of cluster of differentiation 68 (CD68) and the
noted absence of CD163. They are believed to
play a large role in phagocytosis and induction
of pro-inflammatory cytokines such as tumor
necrosis factor (TNF)-a and interleukin (IL)-1f.
They are replaced by the second phase of macro-
phage invasion, cells noted to be CD68-negative
and CD163-positive, beginning 48 h or more post
injury. Their function is different from that of the
early macrophages as they typically secrete cy-
tokines such as IL-10 and function in more of
an anti-inflammatory than pro-inflammatory
role [19]. This second wave of macrophages is
also believed to release cytokines that enhance
myogenic proliferation and differentiation. The
transition from PMNs to macrophages is aided
by the fact that PMNs have shorter life than mac-
rophages, and unlike macrophages, they don’t
seem to replicate in tissues during this process
[10], making the transition a necessary and func-
tionally important element in the healing process.

The coordination and activation of leukocytes
is a complex process that has become a focus
area for potential treatment interventions. As
leukocytes are attracted to the area of inflamma-
tion, cytokines produced by tissue macrophages,
endothelial cells, or mast cells help attach leu-
kocytes to damaged endothelial cells. The first
major family of proteins involved in leukocyte
adhesion is selectins. Selectins are weak binders
of leukocytes but are very effective in slowing
the leukocytes down enough to allow integrins
to bind more firmly and trap leukocytes locally.
TNF-o and IL-1f are two primary cytokines pro-
duced to increase integrin expression and are,
thus, the primary cytokines involved in leuko-
cyte recruitment [10]. The relationship between
TNF-a and integrins will also be very important
in the healing process seen later as integrins are
a group of proteins involved in multiple biologi-
cal processes [2]. Alterations of both TNF-o and
IL-1P are being investigated as targets for thera-
peutic intervention.
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Once localized to the site of injury, leuko-
cytes must then cross the endothelial membrane.
As mentioned earlier, multiple substances are
produced locally to alter the permeability of the
membrane. In addition to those vasoactive me-
diators, chemokines are produced that create a
chemical gradient down which leukocytes mi-
grate, thereby ensuring concentrations of these
cells in the area of injury. Chemoattractants pro-
duced in this process include IL-8, complement
components, and leukotriene (LT)B4 [10].

The final step in leukocyte recruitment is ac-
tivation. There are multiple ways leukocytes are
activated. Specific receptors expressed, termed
toll-like receptors (TLRs), bind to and acti-
vate leukocytes. In addition, nonviable tissue is
marked for phagocytosis in a process called op-
sonization. Natural killer cells or T cells produce
opsonins, which are attached to particles or cells
in need of removal. The opsonins are then bound
by specific receptors expressed on leukocytes,
inducing phagocytosis. A third process of leuko-
cyte activation involves receptors expressed on
leukocytes, which are specific for other cytokines
produced during the injury process. One such
cytokine is interferon (INF)-y. INF-y is consid-
ered the major macrophage-activating cytokine
produced [10]. These various methods are all
thought to play a critical role in activating leuko-
cytes to induce effective phagocytosis to remove
cellular debris.

The process of phagocytosis by leukocytes is
carried out by chemicals produced inside macro-
phages or neutrophils. Reactive oxygen species
(ROS) and reactive nitrogen species are the most
common compounds produced. Major enzymes
that generate the active compounds include
nicotinaminde adenine dinucleaotide phosphate
(NADPH) oxidase and myloperoxidase (MPO).
NADPH oxidase is responsible for reducing
oxygen and creating superoxide anions. MPO is
utilized in the production of hypochlorite when
in the presence of CI” and H,0,. NO is com-
monly involved in these processes as well as in
the creation of nitrogen-containing reactive spe-
cies such as peroxynitrite (ONOO-) [10, 20]. The
ROS and reactive nitrogen species produced are
then utilized following phagocytosis of the dam-
aged tissue. The removal of nonviable cells and

cellular debris from the site of injury prepares the
area, allowing the repair phaseto proceed fully.

Repair Phase

The repair phase actually begins soon after the
injury. Repair involves a balance between two
opposing processes; the formation of a connec-
tive tissue scar and regeneration of myofibers.
These processes coincide, collide, and yet, must
work collaboratively to heal the injured muscle
(Textbox 4.4).

Textbox 4.4. Repair Phase

Repair phase balances the production of granula-
tion tissue and development of myogenic cells
Granulation | Fibrin and fibronectin help with
tissue early stabilization

Type I1I collagen is initially pro-
duced and then slowly replaced by
type I collagen

Some motion across the develop-
ing scar is needed to increase
tensile strength

Granulation tissue is the weakest
area of healing tissue for the first
10 days?®

Satellite cells are the primary cells
responsible for myocyte replace-
ment and repair. They are cells
located between the sarcolemma
and the basal lamina

Other cells capable of myogenic
potential are identifiable by the
expression of Pax-7

Satellite cell activation is via
delta-1 ligand activation of the
Notch signaling pathway

Muscle
repair

Notch activation then stimulates
the production of the myogenic
regulatory factors (MRFs)

MyoD and Mfy5—regulate satel-
lite cell proliferation and specifica-
tion into myocytes

MyoG and MRF4—regulate cell
differentiation and control the cell
cycle
Duration: muscle repair phase lasts
2-3 weeks
# Granulation tissue, or the healing tissue is still
significantly weaker than the muscle fibers for
the first ten days and repeat trauma will cause
failure in this area.
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Traditionally, treatment approaches have aimed
at decreasing connective tissue scar formation in
an attempt to increase myofiber formation and
hasten the recovery process. However, recently,
it has become clear that these two processes are
intertwined and both are necessary for optimal
healing. The interconnection between the two
processes is still not completely understood;
however, recent studies have begun to unravel
some of the clinically relevant connections that
exist.

Cytokines are produced from many of the
same cells that help to induce the acute inflam-
matory response. Bloodborne inflammatory
cells, such as macrophages and fibroblasts, are
major producers of important cytokines such
as transforming growth factor (TFG-B), IL-1p,
IL-6, insulin-like growth factor (IGF), fibroblast
growth factor (FGF), or TNF-a) [2]. These cyto-
kines are also commonly seen within the ECM
of healthy muscle. This helps explain why one of
the determining factors in the healing process is
the state of the basement membrane as disruption
of the basement membrane allows the release of
those tissue-specific growth factors. The result is
a locally produced, highly coordinated response
that is specific to each tissue and each type of
injury.

While the inflammatory response is working
to clear disrupted tissue from wounds, the repair
process has begun. Before myocytes begin the
repair of damaged myofibers, fibroblasts have
begun to stabilize the wound. As mentioned, the
wound debridement performed is highly specific,
sparing the basal lamia so it can act as an early
scaffold for wound stabilization. Fibrin and fi-
bronectin produce granulation tissue to fill in the
defect [2, 10]. As fibroblasts arrive, they produce
proteins and proteoglycans found in the native
ECM. Through the fibroblast production of ECM
proteins, the local environment of the wound is
altered to resemble the pre-injury state. Because
one of the major inducers of the inflammatory
cascade is disruption of the basement membrane,
early stabilization of this environment may play
an important role in limiting the inflammatory re-
sponse and the transition to the repair phase. Two
important proteins synthesized by fibroblasts are

fibronectin and tenascin-C. These two proteins
form multimeric fibers that add strength and
elastic properties to the wound. Type III collagen
is the primary form of collagen produced after
injury. Type III collagen creates a large bulky
scar but one that is generally successful in sta-
bilizing the wound. Over the next few days, type
I collagen is produced, and the scar contracts in
size. The tensile strength of the wound increases
during this period, secondary to cross-linking of
collagen. This process takes time, and the scar is
at its weakest point for approximately the first 10
days post injury [2, 10, 19].

Following stabilization of the wound by fibro-
blasts and scar formation, the wound undergoes
a process to repair the injured muscle. This re-
quires, first and foremost, the activation of satel-
lite cells. Satellite cells are a quiescent population
of cells located between the sarcolemma and the
basal lamina, and are the primary cells respon-
sible for myocyte replacement and repair [19].
Cells capable of myogenic potential are identifi-
able by the expression of specific cellular mark-
ers. The most common is Pax-7, seen in almost
all cells with myogenic potential; others include
CD 34 and M-cadherin [19]. The process of sat-
ellite cell activation is an active area of research
and has significant clinical implications because
of the inherent potential to develop novel treat-
ments for muscle injury.

Two of the pathways shown to be influential
in satellite cell activation are the Wnt and Notch
signaling pathways. Their activation is accom-
plished via Delta-1 ligand activation of the Notch
signaling pathway, resulting in an activation of
a family of muscle-specific transcription factors
or MRFs [19]. Once activated, the MRFs control
proliferation, specification, and differentiation
of satellite cells. Another key growth factor cur-
rently being investigated is IGF. The pathways
and specific role of IGF in satellite cell activa-
tion are still not completely understood, but it has
been demonstrated that there are several different
IGFs which seem to be involved in the process.
IGF-I has been shown to influence both prolif-
eration and differentiation, while IGF-1I’s effects
seem more localized to the differentiation phase
[19].
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The proliferation of myogenic cells begins
when the Pax-7 gene is activated. Once acti-
vated, MRFs control the progression of satellite
cells through the cell cycle. Two MRFs, MyoD
and Myf5, are influential early in the cell cycle
and appear to be particularly important in regula-
tion of proliferation and specification. Myogenin
or MyoG and Mrf4 are seen in the later phases of
the cell cycle, and their primary influence is on
differentiation and termination of the cell cycle
[19, 21]. Each transcription factor is expressed in
a timing-dependent fashion to guide the replica-
tion process. Following the activation of Pax-7,
a rapid downstream increase in the translation of
Myf-5 genes is seen, initiating the cell cycle. As
the cycle progresses, the next MRF expressed is
Myo-D. Myo-D is believed to be the key myo-
genic transcription factor, controlling the cells’
ability to transcribe cell cycle transcription fac-
tors. Myogenic proteins share a highly conserved
basic helix—loop—helix (bHLH) binding domain,
and activation requires binding to the muscle-
specific E-box consensus sequence [19]. It has
been shown that one of the key regulatory mecha-
nisms is access to this E-box sequence. Myo-D’s
ability to open the chromatin structure is essen-
tial in allowing other transcription factors access
to areas on the chromatin structure that are oth-
erwise not available [21]. As with most regula-
tory factors, the exact signaling mechanisms and
downstream effects of Myo-D appear to fluctuate
depending on environment and phase of the cell
cycle. Despite that, its expression is believed to
be responsible for specification of satellite cells
into myoblasts. Myo-D is also a key factor in
the expression of Myo-g, the transcription factor
most responsible for differentiation of myoblasts.
Activation of Myo-g is responsible for exit from
the cell cycle and the formation of myotubules.
The open chromatin structure established early in
the cell cycle is a key determinant in the ability
of Myo-g to function as it is a strong activator of
transcription in this state. The combined activity
of Myo-D and Myo-g helps to induce the expres-
sion of MRF-4, directing maturation of myotu-
bules and formation myofilaments [21]. The end
result of this process is multinucleated fibers that
become mature muscle fibers.

The stimulation of satellite cells and each
pathway described to this point have multiple
factors influencing their progression. Our under-
standing of the signaling mechanisms and mole-
cules responsible for regulation, progression, and
intercommunication between these pathways is
an area of active research. Several other growth
factors believed to be influential in the process
include platelet-derived growth factor (PDGF),
FGF, and hepatocyte growth factor (HGF).

Once satellite cells have formed regenerating
myofibers, they begin to branch off from injury
sites. Early in the repair process the cells remain
unattached and progressively grow toward the
newly formed scar. During this process, they add
stability to the wound with secondary attachments
they make to the ECM on their lateral border [2].
Once the ends of the myofibers have successfully
reached the scar, attachments are created in a
similar manner as typically seen at myotendinous
junctions. Once attachments are made to the scar,
the muscle functions as two separate units con-
nected in series [2]. Over time, the scar thickness
decreases and the two muscle fibers are brought
closer together. There are several requirements
for this process to happen successfully. The first
is stress on the wound. For lateral attachments
between myofibers and the ECM, some stress
across the wound is needed, helping to explain
why it may be important to limit excessive im-
mobilization following injuries [2, 3]. For full
recovery, the muscle must also reestablish in-
nervation and revascularization of the muscle on
each side of the scar. Early in the process, newly
formed myotubes are deficient in mitochondria
and rely heavily on anaerobic metabolism for
growth. However, aerobic metabolism becomes
arequirement as healing progresses and the myo-
fibers begin to function as mature multinucleated
cells [3].

The repair phase typically lasts 2—3 weeks.
During this time, the injured area and the newly
formed scar are the weakest point for the first 10
days following the injury. However, after 10 days,
the scar has stabilized the wound sufficiently that
if reinjury occurs, it is typically noted to be found
within muscle tissue surrounding the original
injury. Understanding of this process provides
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some basis to inform clinical recommendations
regarding post-injury activity to maximize the
healing process [2].

Remodeling Phase

The repair and remodeling phases overlap as the
muscle continues to heal. The exact transition
is difficult to pinpoint and probably is different
depending on the perspective of the examiner.
Clinically, the repair phase is typically consid-
ered to be complete once there is no noticeable
inflammation and pain-free range of motion is
obtained [3]. While in the laboratory research
setting, the transition to the remodeling phase
is based on the observation of further ECM
deposition and initiation of tissue remodeling
[10]. Regardless of the point of transition, full
remodeling of injuries is a slow process that be-
gins while the repair phase is active and can take
weeks to months or even longer depending on
the severity of the injury. Each tissue component
within the muscle must undergo remodeling be-
fore the healing process is considered complete.
For example, the connective tissue scar will
continue to evolve, secondary to changing col-
lagen structures. The amount of type III collagen
continues to decrease and be replaced by type
I fibers. Throughout the remodeling phase, the
type I collagen also continues to strengthen via
formation of cross-links and increased fiber size.
A set of enzymes influential in the remodeling
of connective tissue are matrix metalloprotein-
ases (MMPs), found in the ECM. MMPs are a
family of enzymes that include collagenases and
stromelysins, and are involved in the degrada-
tion of collagen and fibronectin, allowing the
scar size to be progressively decreased as the
strength of the wound increases [10]. Remodel-
ing and reorganization of the muscle itself also
continues throughout the remodeling phase. The
increased vascularity seen in the inflammatory
and repair phases by this point has largely re-
solved, and the hyperemic appearance of the tis-
sue resolves [3].

Clinical Application of Research

Reviewing the current clinical management for
musculoskeletal injuries in light of the basic
science research demonstrates how far our un-
derstanding of optimal treatment can still prog-
ress. A primary goal of any clinically relevant
research program is to illuminate the underlying
processes so that this understanding can be used
to improve health and function. The research on
muscle pathophysiology holds particular promise
for clinical applications and improved outcomes.
Current research has successfully demonstrated
the importance of each phase of the healing pro-
cess and demonstrated why treatments limiting
any one phase produce suboptimal results. There
is a need to translate the current knowledge of
muscle injuries into the clinical care of patients
and perform clinical studies to assess the effect
these approaches have on outcomes. In addition,
continued research efforts should provide prom-
ise for the development of new modalities that
could revolutionize the care of muscle injuries.

Summary

Musculoskeletal injuries are complex. There are
a variety of risk factors that influence the loca-
tion, severity, and resulting limitations. The three
most common primary injuries are contusions,
lacerations, and strains. Of those three, acute
strains account for over half of the injuries seen
in athletes. Muscles that cross two joints or are
active during eccentric movements are at greater
risk for strain injury. Not only are primary inju-
ries a concern but secondary injuries can be very
impactful to athletes. Although the pathophysi-
ology of the most common secondary injury,
DOMS, is not well known, its self-limiting na-
ture makes its long-term impact less severe. The
structural makeup of the musculoskeletal system
has a large influence in the biomechanics of our
movement, which makes understanding it essen-
tial to the development and implementation of
treatments.
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Our knowledge of the pathophysiology of
muscle injury is rapidly expanding. Muscle in-
jury follows the well-described process seen in
healing of many different types of tissue—in-
flammation, repair, and remodeling. The more
we learn about the inflammation phase, the more
it becomes clear that this phase sets the stage for
repair and remodeling to follow. Satellite cells
are the primary cells responsible for regeneration
of myofibers and allow healing of injured mus-
cle. MRFs are a group of transcription factors,
which regulate the cell cycle of activated satellite
cells, and are a major focus of current research.
Remodeling of the injury plays an important role
in returning to full function; however, many of
the final limitations of the injury are already de-
termined prior to the remodeling ever starting.
Limiting the damage caused by inflammation
and minimizing scar formation can be keys to im-
proving healing, but they must be done without
causing negative downstream effects mediated
by signaling pathways that control repair and re-
modeling.
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Neurophysiology of
Musculoskeletal Pain

Erich N. Ottem

Introduction

Musculoskeletal disorders are the leading causes
of clinically relevant pain in every population
globally. Thus, musculoskeletal pain is a major
medical condition that negatively affects a signif-
icant percentage of the worldwide population. A
recent study of patients with musculoskeletal dis-
orders in the USA found they incur annual medi-
cal care costs of approximately US$240 billion,
of which US$77 billion is directly related to mus-
culoskeletal pain management [1]. A compre-
hensive series of studies found that at any given
time, 20-30% of European adults are affected
by musculoskeletal pain, and lower back pain,
specifically, is experienced by 60—85% of indi-
viduals over their lifetime [2—4]. In another re-
search report, 37 % of males and 65 % of females
randomly selected from a population of 1504
adults aged 30—60 displayed signs and symptoms
of musculoskeletal pain [5]. Despite its preva-
lence and the physical, psychological, and eco-
nomic burden surrounding the disorder, research
and medical communities are, to date, lacking a
thorough understanding of many of the underly-
ing mechanisms generating pain from musculo-
skeletal origins. Highlighting these deficits, the
International Association for the Study of Pain

E. N. Ottem (D<)

Department of Biology, Northern Michigan University,
Marquette, MI, USA

e-mail: eottem@nmu.edu

© Springer Sciencet+Business Media New York 2016

(IASP) recently identified three current clinical
challenges associated with musculoskeletal pain:

o Treatment for musculoskeletal pain is not ade-
quate.

o At the chronic level, musculoskeletal pain is
typically managed, but not cured.

o It is often difficult to relate pathophysiologi-
cal changes to the patient’s actual pain, which
makes musculoskeletal pain especially chal-
lenging to diagnose.

This chapter aims to summarize our current
understanding of the physical manifestation of
musculoskeletal pain, the cellular, molecular, and
neurological origins of musculoskeletal pain con-
duction, and some current treatment strategies
that may mitigate the widespread and debilitating
disorder.

Musculoskeletal Pain: Common
Clinical Presentations

In the last few decades, the research and medi-
cal communities’ understanding of the nature
and origin of pain has vastly improved. Clini-
cians and primary researchers now understand
that the sensation of pain arises from several
different tissue types and, as such, is triggered
by numerous molecular mechanisms and neural
pathways. Accordingly, the perception, or qual-
ity, of pain is interpreted in many different ways,
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Table 5.1 Comparison of pain presentation: cutaneous and visceral pain versus musculoskeletal pain

Perception of pain

Pain tolerance Pain referral

Cutaneous and visceral pain | Sharp, pricking, burning,

and/or cutting sensations

Easily or moderately
tolerated

No pain referral and no secondary
hyperalgesia

Musculoskeletal pain Aching and cramping

Poorly tolerated Often accompanied by pain refer-

ral and secondary hyperalgesia

depending on the point and mechanism of origin.
Cutaneous and visceral pain, for example, is typi-
fied by sharp, pricking, burning, and/or cutting
sensations. Additionally, cutaneous and visceral
pain is easily localized and does not display a
propensity for referral to other tissues or somatic
locations. In general, cutaneous and visceral pain
is moderately to easily tolerated [6]. In contrast,
musculoskeletal pain is characterized by sensa-
tions of aching and cramping which are diffi-
cult to localize, poorly tolerated, and frequently
exhibit referral to deep somatic tissues, such as
other muscle groups, fascia, and joints [7-9].
Prolonged musculoskeletal pain associated with
focal muscle damage or injury is also associated
with an increased incidence of secondary hyper-
algesia, or the spreading of chronic pain to un-
damaged, uninjured muscle. The basic differenc-
es between musculoskeletal pain and cutaneous
and visceral pain are summarized in Table 5.1.
Importantly, the degree of musculoskeletal pain
intensity and its duration both influence the de-
gree of muscular hyperalgesia over time [10—12].
Below, we discuss three common disorders in-
volving musculoskeletal pain.

Musculoskeletal Pain Associated with
Muscle Injury

Pain arising from damaged muscle is classified
as either acute or chronic. Macro- or microtrau-
ma, along with mechanical overload of muscles
during contraction or stretch phases, is the most
common cause of acute musculoskeletal pain
[13]. Common muscle soreness, or type I mus-
cle strain, arising from mechanical overload or
overuse experienced following exercise or work-
related actions is typically perceived during or
immediately following activity. The duration of
this type of musculoskeletal soreness is transient,

generally lasts for only hours, and is coupled
with muscle stiffness and tenderness [13, 14].
Distinct from the symptoms associated with type
I muscle strain, delayed onset muscle soreness
(DOMS) describes musculoskeletal pain that de-
velops up to 24 h after overactivity or muscular
overload. As DOMS progresses, musculoskeletal
pain, weakness, and stiffness steadily increase
in intensity and peak within 2-3 days following
onset. Due to underlying cellular damage and on-
going inflammatory processes (discussed later in
this chapter) related to the acute muscle damage
associated with DOMS, full recovery of muscle
function may take weeks to occur [14].

The proximal causes underlying chronic mus-
culoskeletal pain following overload or overuse
are somewhat more difficult to identify. Often, it
is the accumulation of muscle trauma or repeated
acute muscle damage that leads to the onset of
chronic musculoskeletal pain which is often ac-
companied by hyperalgesia [13]. There are sev-
eral musculoskeletal and neuromuscular disor-
ders (most outside the scope of this chapter) that
include symptomatic chronic muscular pain. Two
disorders with associated chronic musculoskel-
etal pain are described below.

Musculoskeletal Pain Associated with
Myofascial Pain Syndrome

Both hyperalgesia and referred pain of muscular
origin are hallmarks of a musculoskeletal pain
condition known as myofascial pain syndrome
(MPS) and highlight the unique nature of the
myosensory pathway. MPS is caused by the ap-
pearance of myofascial trigger points (TrPs) lo-
cated within muscles. Activated by chronic or
acute muscular overload or overuse, TrPs are
defined as “taut bands” of muscle fibers that
extend the length of the entire muscle and are
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chronically contracted [15—18]. Interestingly, the
constant contracted state of these taut bands is
independent of typical presynaptic motor neuron
activity and subsequent end-plate action poten-
tial generation. Instead, chronic contraction of
the taut bands seems to originate via abnormal
acetylcholine release and subsequent extremely
high-frequency miniature end-plate potential ac-
tivity [15—18]. Activated TrPs, which create mul-
tiple taut bands within a muscle or muscles, sub-
sequently lead to the formation of areas known
as zones of tenderness which are associated with
regions of hypoxia. It is the creation of these
zones of tenderness that gives rise to sensory
musculoskeletal pain associated with MPS. The
area of TrP formation becomes hypersensitive to
stimulation and normally nonpainful stimuli be-
come painful (allodynia). The immediate conse-
quence of TrP formation in an affected muscle
is increased fatigability, pain during contraction,
and a restriction of range of motion. Addition-
ally, the pain associated with TrP formation is
referred to other muscle groups, distinct from
the locally affected muscle [15—-18]. Progressive
musculoskeletal pain associated with spreading
hyperalgesia is a common occurrence associated
with MPS due, in part, to TrP formation in com-
pensating muscles or abnormally contracted pos-
tural muscles [16]. Later in this chapter, we will
discuss potential mechanisms which may under-
lie the activation of nociceptive systems which
transmit both proximal and referred pain stimuli
associated with MPS.

Musculoskeletal Pain Associated with
Fibromyalgia

It is important to distinguish the terminologies
associated with the underpinnings of musculo-
skeletal pain associated with fibromyalgia and
contrast them with those that describe the origins
of pain related to MPS. Fibromyalgia (a disorder
with psychological and social components) is par-
tially characterized by widespread musculoskel-
etal pain with allodynic and hyperalgesic compo-
nents. While in some respects symptomatically
similar to MPS, muscles of fibromyalgia patients

do not present with taut bands of hypercontracted
myofibers [19]; instead, muscles throughout
the body present with tender points [3, 16, 20].
There is some disagreement as to whether the
appearance of tender points in muscles and the
occurrence of musculoskeletal pain throughout
the body are generalized events in patients suf-
fering from fibromyalgia. Some believe that the
regionally localized onset and spread of MPS is
a characteristic which distinguishes it from the
more generalized occurrence of tender points and
musculoskeletal pain associated with fibromyal-
gia[16, 19, 21]. Still other evidence suggests that
some forms of fibromyalgia begin with local or
regional pain that later precedes widespread mus-
culoskeletal pain [22-25]. Regardless of these
points of contention, the underlying mechanisms
generating the sensation of musculoskeletal pain
associated with fibromyalgia likely significantly
overlap with the pathways of pain perception in
most muscle injury and disorder models.

Neural Mechanisms of Musculoskel-
etal Pain Perception

Peripheral Mechanism: The Nociceptive
System

Nociceptors are peripheral afferent sensory neu-
rons with free nerve endings located in peripheral
tissue, which also make synaptic connections with
ascending second-order central sensory neurons in
the dorsal horn of the spinal cord. Nociceptors are
either thinly myelinated (group III; Ad-type) fibers
or unmyelinated (group 1V; C-type) fibers. There
is ample evidence from animal studies that both
group III and group IV afferent nociceptors are
present and active in skeletal muscle of mammals
[26, 27]. Nociceptors respond to both noxious
mechanical stimuli and chemical stimuli associ-
ated with damaged tissue. Importantly, in normal
physiologic conditions, nociceptors associated
with skeletal muscles are not activated by normal
muscle contraction or stretch, or any other non-
noxious stimulus and are thus considered high-
threshold mechanosensitive. Of note, similar to
sensory receptors associated with cutaneous tissue,
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Fig.5.1 Summary model of the humoral and local origins
of musculoskeletal pain. At the onset of inflammation fol-
lowing muscle injury, the humoral protein bradykinin
(BK) increasingly binds to the upregulated kinin B2 re-
ceptor expressed by nociceptive neurons, activating them.
Additionally, upregulated in circulation by muscle inflam-
mation is serotonin (5-H7), which both activates nocicep-
tive neurons and increases their sensitivity to BK. Further,
sensitizing nociceptive neurons to BK is the inflamma-
tion-activated, locally synthesized lipid prostaglandin E,
(PGE,). Local pain factors arise following nociceptor
activation with the release of the peptides substance P
(SP) and calcitonin gene-related peptide (CGRP) which
serve as vasodilators to induce local edema. With the
onset of edema, there is local increase in the production

nociceptors may respond to both chemical and me-
chanical stimuli (polymodal) or respond only to
chemical or mechanical stimuli (unimodal) [28].
Muscle-associated nociceptors are classi-
cally activated by a number of humoral and cel-
lular factors (summarized in Fig. 5.1), includ-
ing the peptide bradykinin (BK) , the modified
amine paracrine hormone serotonin (5-HT), the
lipid prostanoid prostaglandin E, (PGE,), and
adenosine triphosphate (ATP). Additionally, lo-
cally high potassium ion (K") concentration

LOCAL EDEMA @g
P

of the cytokine interleukin-1 beta (IL-1f) which increases
PGE, synthesis and the receptors for both PGE, and BK.
Other local factors influencing musculoskeletal pain are
the increased concentrations of extracellular adenosine
triphosphate (A7P) due to damaged muscle membranes
following injury. ATP via activation of the P2X3 recep-
tor can directly activate nociceptive neurons. In addition,
with advancing local edema and ischemia associated with
muscle damage, the pH of the local cellular environment
drops, thus increasing the concentration of protons (H").
The H*-activated transient receptor potential cation chan-
nel subfamily V, member 1 (TRPV1) and the acid-sensing
ion channels are stimulated by the increased H concen-
tration and directly activate muscle-associated nocicep-
tors. (Courtesy of Elizabeth A. Drum)

activates subsets of nociceptors [6, 27, 29-31].
BK is a humoral peptide enzymatically cleaved
from a precursor plasma globulin, high molecular
weight (HMW) kininogen, which is synthesized
in the liver. Enzymatic cleavage of HMW kinino-
gen to form BK is mediated by the plasma pro-
tease kallikrein [32]. BK exerts it effects through
the kinin B1 and B2 G-protein-coupled receptors.
In homeostatic conditions, BK generally binds to
the B2 receptor expressed by skeletal muscle-
associated nociceptive neurons. However, during
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inflammatory events, the B1 receptor is upregu-
lated in nociceptive nerve endings, and BK sub-
sequently exerts algesic musculoskeletal effects
via this G-protein-coupled receptor which is ex-
citatory to muscle nociceptors upon activation
[33-35].

Studies demonstrate that 5-HT can exert a
direct and independent algesic effect when in-
jected into skeletal muscle [36]. Importantly, if
5-HT injection precedes BK injection by only a
few minutes, the resulting musculoskeletal pain
is significantly increased [37-40]. Thus, 5-HT
seems to act both independently as a nociceptive
factor and synergistically with BK to hypersen-
sitize nociceptors to increased local BK concen-
trations following muscle injury. In both human
and animal studies, 5-HT injection elicits imme-
diate muscle tenderness, but concurrent with this
direct algesic effect is the seemly simultaneous
hypersensitization of the muscle nociceptors to
BK. Supporting this, BK administration follow-
ing 5-HT injection in these studies moves skel-
etal muscle from a state of tenderness to a state
of musculoskeletal pain when stimulated by oth-
erwise weak, non-noxious mechanical stimuli, a
hallmark of hyperalgesia associated with many
muscular disorders and injuries [39-41]. BK
injection alone does not elicit the same level of
pain, thus supporting the hypothesis that nocicep-
tors must undergo a hypersensitization process to
generate the level of musculoskeletal pain associ-
ated with muscle damage.

In contrast to the direct effects of 5-HT on the
onset of musculoskeletal pain, PGE, does not
have any known primary algesic effects on skel-
etal muscle, as demonstrated by studies showing
that injection of the lipid into muscles does not
elicit musculoskeletal pain [36]. The role of PGE,
in the onset of muscle pain seems to be to directly
hypersensitize musculoskeletal nociceptors to
BK. Supporting this idea, muscle nociceptors with
a high threshold for mechanical stimuli for acti-
vation dramatically increase their sensitivity and
propensity for pain generation following PGE,
injection and subsequent BK treatment [36]. The
relationship between PGE, and BK in the sensi-
tization of muscle-associated nociceptors and the
onset of musculoskeletal pain strongly informs

our current models and understanding of the dis-
comfort and soreness that results from muscle
damage following overload or overuse. Muscle
damage leads to local inflammation and increased
BK concentrations in the area of insult. Likewise,
tissue damage leads to the upregulation and in-
creased activity of cyclooxygenase-2 (COX-2),
the enzyme that mediates the conversion of ara-
chidonic acid to active PGE,. The mechanism by
which PGE, hypersensitizes muscle-associated
nociceptors to BK is currently unknown. The two
PGE, receptor isoforms known to be expressed
by nociceptor nerve endings, EP1 (prostaglandin
E receptor 1) and EP4 (prostaglandin E receptor
4), are G-protein-coupled receptors, which acti-
vate protein kinase C (PKC) and protein kinase A
(PKA) pathways, respectively [42]. PGE,-medi-
ated hypersensitization of muscle-associated no-
ciceptors to BK is unlikely to be immediately at
the gene transcription regulatory level due to the
time course of sensitization (minutes). Rather, the
downstream effects of EP1 and/or EP4 activation
likely modify the activity of existing B1 receptors
expressed by nociceptive neurons, or possibly
their affinity for the BK ligand. Supporting this
line of reasoning, other known activators of no-
ciceptors, transient receptor potential vanilloid-1
(TRPV1) channels, the purinergic P2X3 recep-
tor, and the tetrodotoxin-resistant voltage-gated
sodium (Na") channel Na,1.9 (each discussed in
detail below) are targets of EP1 and EP4 modi-
fication [43—45]. Future studies should delineate
the specific mechanism by which PGE, hyper-
sensitizes nociceptors to BK and whether EP1
and/or EP4 signal transduction cascades target
the B1 receptor during muscle inflammation.
While PGE, influences the strength of BK
signaling and subsequent nociceptor activation,
BK and local signaling factors stored in the free
endings of nociceptors regulate PGE, release in
an area of tissue damage. Substance P (SP) and
calcitonin gene-related peptide (CGRP) are neu-
ropeptides expressed by nociceptors, but do not
directly elicit pain after injection into muscle.
However, activation of nociceptors induces the
release of SP and CGRP from nerve endings,
which go on to act as strong vasodilators and lead
to local edema [46]. The induction of edema leads
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to further increases in both BK and PGE, release
in the area of inflammation and pain generation
increases significantly. As edema and inflamma-
tory processes progress, there is a local increased
release of the cytokine interleukin-1 beta (IL-1().
IL-1p signaling has been shown to increase both
COX-2 and prostaglandin EP1 and EP4 expres-
sion [47, 48] as well as upregulate both kinin B1
and B2 receptor gene expression [49, 50]. Thus,
a process that some have described as “a vicious
cycle” [34] is induced in which signaling factors
regulating pain generation and inflammation and
edema also enhance each other’s activity. These
cyclic signaling pathways are expected to under-
lie the induction of musculoskeletal pain, tender-
ness, and possibly TrP formation associated with
muscular disorders such as DOMS, fibromyal-
gia, and MPS, respectively. Current strategies
(see inset, Fig. 5.1) to inhibit the recurrent in-
duction of pain and edema pathways include the
wide use of nonsteroidal anti-inflammatory drugs
(NSAIDS) that specifically inhibit the activity of
COX-1 and COX-2 enzymes, thereby reducing
prostaglandin signaling. Another promising drug
currently under investigation is fasitibant chlo-
ride, a selective kinin B2 receptor antagonist.
In animal studies, fasitibant chloride has been
shown to inhibit the synergistic activity of BK
and IL-1P to increase COX-2 gene expression
and PGE, release [51] and serves to significantly
reduce inflammatory events [52].

As mentioned earlier, nociceptors are acti-
vated by a number of intra- and extracellular
signaling molecules. The metabolically impor-
tant nucleoside triphosphate ATP can bind to the
membrane purinergic receptor P2X3 and induce
excitatory Na® currents in nociceptive neurons
[53, 54]. Muscle membrane damage due to over-
load, overuse, or pathological processes leads to
ATP diffusion from the myofiber cytoplasm into
the extracellular environment. Subsequent ac-
tivation of P2X3 receptors by ATP is sufficient
to induce excitation in muscle-associated group
IV afferent nociceptors which leads to pain gen-
eration [55, 56]. This mechanism is highly as-
sociated with muscle damage due to overload or
overuse, as well as injury occurring from eccen-
tric muscle contraction. Other novel activators of

nociceptor are the proton (H")-sensitive TRPV 1
channels and acid-sensing ion channels (ASICs).
These channels are activated by increased H" ion
concentration or lowered pH [57]. Importantly,
lowered pH in muscle tissue is associated with
a number of conditions, including overwork, in-
flammatory processes, and muscular ischemia. A
lowered pH of 6.0 is sufficient to activate both
TRPV1 and ASICs and subsequently excite mus-
culoskeletal nociceptors [31]. In animal studies,
antagonists to P2X3 receptors, TRPV1 channels,
and ASICs were able to reverse hyperalgesia
processes associated with DOMS following ec-
centric muscle contractions indicating the sig-
nificant role these excitatory ion channels play
in musculoskeletal pain generation [58]. Also of
importance, profound muscular ischemia is asso-
ciated with the taut bands of the TrPs found in
MPS patients [59]. Likewise, reduced blood flow
to skeletal muscle has been described as common
symptom among those suffering from fibromyal-
gia [60]. These findings may indicate that a low-
ered pH and activation of TRPV1 channels and
ASICs expressed by musculoskeletal nociceptors
may contribute to pain associated with these dis-
orders.

Central Mechanism: Dorsal Spinal Cord
and Brain Stem

Axonal projections from musculoskeletal noci-
ceptive neurons enter the dorsal root ganglia to
provide input to the dorsal horn of the spinal cord
and to the trigeminal nucleus pars caudalis of the
brain stem (see Fig. 5.2). The sensory dorsal horn
of the spinal cord is divided into five laminae,
of which laminae III, IV, V, and a small division
of lamina II are innervated mainly by hair fol-
licle and tactile sensory Ad- and AP-fibers. The
primary nociceptive group III (Ad-fibers; lightly
myelinated) and group IV (C-fibers; unmyelin-
ated) afferents innervating skeletal muscle termi-
nate in dorsal horn lamina I and a large portion
of lamina II [61]. Group IV nociceptive neurons
are classified as being peptidergic (expressing SP
and CGRP) or non-peptidergic [62, 63]. Peptide-
rgic nociceptive group IV afferents include those
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Fig. 5.2 Central pain-processing pathways and phar-
maceutical analgesic targets. To date, the most often
prescribed central treatments for musculoskeletal pain
target inhibitory y-amino butyric acid (GABA)-ergic in-
terneurons, using GABAergic or opioid receptor agonists,

associated with musculoskeletal tissue, while
non-peptidergic afferents generally consist of
sensory neurons with nerve endings in the epi-
dermis [64, 65]. The primary neurotransmitter
utilized by all nociceptive afferent neurons is the
excitatory amino acid glutamate, although SP and
CGRP are common neuropeptide co-transmitters
[62]. Primary afferent nociceptors make excit-
atory synapses with second-order neurons in the
dorsal horn, which, in turn, ascend in the lateral
spinothalamic tract to target the ventral posterior
lateral (VPL) and ventral posterior medial (VPM)
nuclei of the thalamus. Tertiary sensory neurons
of the VPL and VPM carry nociceptive informa-
tion to the primary and secondary somatosensory
cortices [61].

throughout the neural pain-processing pathway from first-
order nociceptive neurons in the periphery to second-or-
der neurons in the spinal cord, to third- and fourth-order
neurons in the thalamus and cortex. (Courtesy of Eliza-
beth A. Drum)

Many of the neural mechanisms that regulate
the central processing of pain information remain
largely uncharacterized. Among the better under-
stood phenomena associated with central pain
relays is the neurophysiology underlying the oc-
currences of referred pain and secondary hyper-
algesia and allodynia. Fundamental to these types
of pain perception is the widespread collateral
synapses made by group III and group IV noci-
ceptive afferent neurons as they innervate lami-
nae [ and II of the of the dorsal horn of the spinal
cord [66]. These branching axons from primary
nociceptive neurons create overlapping receptive
fields and the potential for the creation of new re-
ceptive fields. As an example of referred pain in
humans, the secondary sensory neurons of lamina
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I of the dorsal horn receive nociceptor innerva-
tion from musculature of the shoulder, while also
receiving nociceptor afferents from the pericar-
dium of the heart. If the pericardial nociceptors
become significantly active, the pain is perceived
in the shoulder [67]. Expansion of referred pain
may be due to the development of new receptive
fields in the dorsal spinal cord in process known
as central sensitization. The neurons of the dorsal
spinal cord display remarkable plasticity in their
receptive fields as demonstrated in animal stud-
ies in which BK was injected into the tibialis an-
terior muscle of rats. In a short time, dorsal horn
neural representation of the injected muscle had
expanded to include the area also representing
the biceps femoris muscle [68]. There is a time-
dependent component of referred pain generation
in humans in which there is a 20—40 s interval be-
tween the immediate perception of localized pain
and the secondary onset of referred pain [69]. It
is assumed that during this delay, neural signal-
ing of overlapping afferent nociceptive fibers in
the dorsal horn is creating new receptive fields by
activating previously silent synapses.

In the case of hyperalgesia and allodynia, pro-
longed and intense noxious activation of muscu-
loskeletal nociceptors triggers the strengthening
and expansion of existing synapses. The cur-
rently accepted model of secondary hyperalge-
sia is homosynaptic and represents a significant
potentiation of the synapses formed between the
peripheral nociceptors and dorsal horn neurons,
such that a greater postsynaptic response is elic-
ited from a noxious stimulus [67]. Allodynia is
understood to involve a heterosynaptic process
coupling non-nociceptive peripheral sensory af-
ferent signaling to nociceptive afferent activity.
For example, group I (AB) sensory afferents nor-
mally are activated by non-noxious mechanical
stimuli, and while active during a singular nox-
ious stimulus, will not normally excite the neu-
rons of the spinothalamic tract. However, pro-
tracted, intense group I'V nociceptive signaling to
the dorsal spinal cord can lead to the potentia-
tion of non-nociceptive synapses and activation
of spinothalamic neurons, such that a previously
non-noxious stimulus will be perceived as pain-
ful [67].

Another clinically relevant concept regarding
central nociception processing is the transition
from a state of acute pain to chronic pain that is
associated with a number of muscular disorders.
The basis of this phenomenon is the plasticity
inherent to afferent nociceptive synapses in the
dorsal horn. Glutamate released by nociceptors
binds to the postsynaptic N-methyl-D-aspartate
(NMDA) receptors which allow for an influx
of Ca?" which drives the activation of a host of
signal-transduction cascades. Sustained NMDA
receptor activation leads to the insertion of new
receptors, expansion of the synaptic area, and
overall potentiation of the synapse. Likewise, SP,
co-released with glutamate, binds to the neuro-
kinin-1 (NK-1) receptor and induces several in-
tracellular synaptic potentiating pathways. Phar-
macological blockade of both NMDA and NK-1
receptors using antagonists delivered by intra-
thecal injection prevents secondary hyperalge-
sia and receptive field expansion in nociceptive
dorsal horn neurons [70]. Prolonged activation of
dorsal horn neurons by nociceptor afferent neu-
rons leads to abnormally potentiated synapses.
Progressing toward a state of chronic pain, re-
search demonstrates that with prolonged overac-
tivity, nociceptor afferents begin to sprout new
axon terminals and form synapses with novel
dorsal horn sensory neurons, which ultimately
serves to expand their receptive field. In addi-
tion to the hypersensitization of dorsal horn neu-
rons and an expansion of their receptive fields,
overactivity of glutamatergic/SP synapses may
also lead to excitotoxicity and cell death in some
neural populations. In particular, the inhibitory
y-amino butyric acid (GABA) interneurons of
the dorsal horn are very susceptible to overexci-
tation [71]. When tonically activated, NMDA/SP
receptor-mediated Ca®" influx can trigger the ac-
tivation of intracellular mechanisms that lead to
apoptotic death. GABAergic interneurons of the
dorsal spinal cord serve to inhibit overactivity of
second-order nociceptive neurons. In this model
of chronic pain onset, the result of prolonged, in-
tense musculoskeletal pain is the appearance of
populations of hyperactive, potentiated second-
order nociceptive neurons with expanded re-
ceptive fields, which are no longer inhibited by
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GABAergic interneurons [31]. This series of cel-
lular events may bring about much of the chronic
pain experienced by sufferers of fibromyalgia
and similar disorder disorders.

Conclusions

A clear understanding of the peripheral and cen-
tral mechanisms that give rise to the experience
of acute and chronic musculoskeletal pain is
critical for the evaluation and treatment of indi-
viduals experiencing musculoskeletal pain. This
knowledge provides a conceptual framework that
helps clinicians make distinctions between acute
and chronic disorders. Appreciation of these dif-
ferences and the potential for simultaneous or
overlapping etiologies of musculoskeletal pain
should inform treatment recommendations and
improve outcomes in these debilitating disorders.
In addition, the understanding that musculoskel-
etal pain origins are often distinct from other
nociceptive pathways is an important concept in
future strategies to identify and treat pain aris-
ing from musculoskeletal origins. From targeting
peripheral nociceptive factors to limiting the ac-
tivity of central sensitizing pathways, future re-
search should focus on both improving treatment
for acute pain and preventative treatments that
will halt the “vicious cycle” before hyperalgesia
or chronic pain become inevitable.
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Introduction

Leg pain is one of the most common presenting
patient complaints and is attributable to almost
8 million physician office visits a year. Only pain
in the spine, shoulder, and knee are more com-
mon musculoskeletal-related complaints [1]. Al-
though the focus of this book is on muscular inju-
ries, posterior leg pain can arise from a variety of
causes (Fig. 6.1). Health-care professionals con-
ducting the initial evaluation of leg pain are faced
with the difficult challenge of sorting through a
diverse differential of orthopedic, neurologic,
rheumatologic, and vascular etiologies to arrive
at the correct diagnosis. Fortunately, the history
and physical exam are quite helpful in determin-
ing the root cause of posterior leg pain.

The goal of this chapter is to provide a func-
tional and practical guide to the physical exami-
nation of the posterior leg. The level and scope of
the material presented is intended to be inclusive
of the needs of a variety of health-care profes-
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sionals. In general, physicians need to have a
broader scope with an eye towards referred pain
or signs of systemic medical problems while
rehabilitation professionals require a more de-
tailed working knowledge of musculoskeletal
etiologies for pain and dysfunction. The chapter
is organized into sections covering the standard
examination areas: inspection, gait and station,
palpation, range of motion (ROM), strength test-
ing, neurologic status, vascular status, and spe-
cial tests. An attempt has been made to correlate
exam finding with the associated diagnosis in the
differential.

Acute injuries often necessitate a more cir-
cumscribed examination due to pain and more
limited goals of determining the specifics of the
injury location and severity. In acute injuries, it is
also important to evaluate for potential complica-
tions and be cognizant of confounding or coexist-
ing injuries. For chronic or sub-acute complaints,
a more comprehensive and functional approach
is required. Particular attention should be paid to
predisposing factors for injury and referred pain
from neurologic, vascular, and bony pathology.
There is some wisdom in the playful joke that the
only aptitude needed to do orthopedics is the ca-
pability to compare one side of the body to the
other. So whenever possible, take advantage of
the natural symmetry of the body to compare ap-
parent abnormal finding relative to the contralat-
eral limb.
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Fig. 6.1 Differential diagnosis of posterior leg pain, weakness, or swelling
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Inspection

It is important to completely visualize the bilat-
eral lower extremities during the examination.
This is best accomplished by having the patient
disrobe or change into examination shorts prior
to beginning the evaluation. During inspection
careful attention should be paid to signs of bruis-
ing, swelling, and skin changes that may sug-
gest underlying vascular or neurologic disease.
Visible erythema and swelling associated with
pain and increased warmth are the classic signs
of inflammation and should prompt the clinician
to consider inflammatory causes of leg pain. In-
flammatory causes of leg pain can be localized or
systemic. Leg pain in the presence of skin rashes
and nail abnormalities are also suggestive of pos-
sible systemic inflammatory conditions. Scars or
wounds on the legs should be noted and corre-
lated with the past medical and surgical history.
If bruising is found, note the location, size,
distribution, and color. Location and distribution
of ecchymosis can suggest the location of the in-
jury and its depth. The color of the bruising sug-
gests the acuity of the bleeding. Upon extravasa-
tion of blood, hemoglobin begins to degrade in
a sequential fashion, giving rise to progressive
change in color and eventual resolution of bruis-
ing by 2 weeks. In this way, the color of the bruise
can be used to age the injury: red-blue color (0-5
days), green color (5-7 days), yellow color (7-10
days), and golden-brown color (10-14 days). It
should be noted that bruising or contusion refers
to subcutaneous bleeding that has a traumatic eti-
ology. Ecchymosis is a more general description
of subcutaneous bleeding greater than 1 cm and
may not be traumatic in etiology. Nontraumatic
causes of ecchymosis include coagulopathies.

Subcutaneous bleeding less than 1 cm in diam-
eter is either called petechia (<3 mm) or purpura
(3 mm-1 cm), which are associated with platelet
disorders or vasculitis, respectively. Bruising is
easier to identify in patients with light skin com-
plexions. It is common for the blood to travel
along soft tissue planes which often results in mi-
gration of the bruising over time.

If calf swelling is present, take note if the
calf swelling is unilateral or bilateral. Unilateral
calf swelling is indicative of localized pathol-
ogy whereas symmetrical swelling suggests a
systemic cause. Inspection can also help deter-
mine if the swelling can be classified as pitting
or non-pitting edema. Indentations from socks,
shoes, or other tight-fitting clothing can be useful
in detecting pitting edema. Non-pitting edema is
caused by lymphedema. Pitting edema has a va-
riety of local and systemic causes. Acute unilat-
eral pitting edema of the leg is often due to deep
venous thrombosis (DVT), cellulitis, a ruptured
bakers cyst, or trauma.

Stigmata of chronic vascular disease should
also be sought on inspection. Arterial peripheral
vascular disease should be suspected if there are
well-demarcated ulcers or non-healing lesions
in the distal extremity along the ground contact
areas, erythema of the foot in a dependent posi-
tion which changes to pallor with elevation, and
skin that is shiny, dry, and atrophic with absence
of hair. Chronic venous disease is suspected on
inspection if chronic soft, pitting edema is seen in
the ankle and evidence of dependent varicosities
of the leg with hyperpigmented skin and venous
ulcerations over medial malleolus.

Inspection of the legs may also reveal stig-
mata of neuropathy. Thin ankles and legs along
with deformities of the arch and toes can suggest
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hereditary neuropathies such as Charcot—Marie—
Tooth (CMT) disease. Complex regional pain
syndrome type 1 is associated with visible swell-
ing and discoloration of the affected leg.

Screening for leg length should be done on
inspection. A reasonable screening test of leg
length symmetry can be done by observing the
patient from behind while comparing the relative
height of popliteal and gluteal creases. If you sus-
pect a clinical relevant difference in leg length,
additional clinical tests should be performed for
further assessment. Specific examination tech-
niques for leg length are discussed below.

Observation of the lower extremities during
functional movement is important. At a mini-
mum, inspection should be done on standing and
walking. In addition, observation while running
or other relevant movements can greatly aid the
clinical evaluation. Evaluation of gait and station
are covered separately in the next section.

Evaluation of Gait and Station

Examination of gait and station should be in-
corporated with the examination of the lower
extremity. Because of the functional role the
muscles of the posterior leg have in standing and
ambulating, injuries to these muscles are often
most noticeable during the evaluation of gait and
station. Correlating abnormalities in gait and sta-

tion to the underlying pathology requires an un-
derstanding of the normal and abnormal presen-
tation. It should be noted that abnormities of gait
and station not only can be the result of pathol-
ogy but also can be causative factor in precipi-
tating the injury. Therefore, although evaluation
of gait and station can help the clinician in the
diagnosis of acute muscle injuries in the posterior
leg, the detailed evaluation of gait is most helpful
in investigating chronic or recurrent issues that
may be caused by underlying biomechanical ab-
normalities.

Station or stance position is evaluated by ob-
servation of the standing patient. Normal station
should reveal a balanced body posture over the
center of gravity and symmetrical alignment of
the lower limbs and feet. In neutral stance posi-
tion, alignment of the lower limb should reveal
a weight-bearing line in a sagittal plane through
the anterior superior iliac spine, patella, and sec-
ond metatarsal of each lower extremity. The heel
should be perpendicular to the forefoot and in
line with the tibia. The knee should be fully ex-
tended with slight valgus alignment. The subtalar
joint and hips should be in a neutral position. The
pelvis should exhibit a slight anterior tilt. Signifi-
cant deviations from ideal stance position suggest
structural abnormalities or compensations that
may lead the clinician to the diagnosis or suggest
the cause of the presenting complaint (Table 6.1).
When these common clinical associations are

Table 6.1 Biomechanical abnormalities commonly associated with posterior leg injury

Biomechanical abnormality

Posterior leg injury

Excessive pronation (dynamic pes planus)

Achilles tendinopathy

Medial tibial stress syndrome

Tibial stress fracture

Fibular stress facture
Tibialis posterior injury
Flexor hallucis longus injury

Excessive supination (pes cavus)

Tibia stress fracture

Fibular stress fracture

Hindfoot varus

Medial shin pain

Fibular stress facture

Ankle equinus (restricted ankle dorsiflexion)

Achilles tendinopathy
Medial tibial stress syndrome
Calf strain

Stress fractures
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subject to evaluation by evidence-based methods
the conclusions reached have been very limited
[2,3].

Gait is classically described by its two com-
ponent actions called the stance phase and the
swing phase. The stance phase refers to the por-
tion of gait when the foot is on the ground, while
the swing phase refers to the portion of gait when
the foot is no longer in contact with the ground.
The repeated progression of stance phase through
swing phase produces the motion of walking and
running called the gait cycle. The phases of gait
are further divided into component actions. The
stance phase is subdivided into heel strike, mid-
stance, and push-off. The swing phase is subdi-
vided into acceleration, mid-swing, and decelera-
tion.

The phases of running and walking are simi-
lar. Running is defined by the addition of a flight
phase between stance phases in which neither
foot is in contact with the ground. While walking,
60 % of the gait cycle is spent in stance phase and
40% in swing phase. During running, the por-
tion of time spent in stance phase decreases with
increasing running speed. In addition, running is
associated with greater ROM of the pelvis, hip,
and knee as well as a narrower base of gait when
compared to walking.

Examination of gait can begin even before the
formal exam. Observation of the patient as they
ambulate through the office is most likely to re-
veal natural movement patterns and can quickly
identify an obvious limp or the use of assistive
devices. During formal examination of gait, try
to identify which phase of gait and component
motion is pathologic. Most abnormalities will
be present in stance phase where the extremity
is susceptible to the liabilities of weight bearing.
Patients with muscle weakness in the gastrocne-
mius, soleus, and flexor hallucis longus or Achil-
les rupture may exhibit a flat foot gait with no
or limited push-off. Gastrocnemius strains may
result in the patient adopting a gait characterized
by excessive knee flexion and ankle plantar flex-
ion in an attempt to splint the affected muscle. A
bouncy gait suggests early heel lift from ankle
equinus or heel pain. Compensations related
to ankle equinus lead to posterior leg muscles

strains, Achilles tendon injuries, shin splints, and
stress fractures. Patients with fractures or other
severe acute trauma will have pain in all phases
of gait and are likely to either not bear weight on
the affected extremity or spend as little time as
possible in stance phase.

During mid-stance, as the body passes over
the weight-bearing limb, the pelvis and trunk
shift laterally over the weight-bearing side and
drop slightly on the non-weight-bearing limb.
Excessive lateral displacement during mid-
stance is caused by gluteus medius weakness and
results in a gluteus medius or abductor lurch gait.
The Trendelenburg test evaluates the function of
the gluteus medius in maintaining dynamic pel-
vic stability in single-leg, weight-bearing stance.
The test is performed by observing the patient
from behind while they are standing in double-
leg stance and then in single-leg stance alternat-
ing between each leg. A positive test occurs when
the pelvis does not elevate on the unsupported
side during single-leg, weight bearing stance. A
positive test indicates inadequate force is being
generated by the gluteus medius on the stance
leg to maintain dynamic pelvic stability during
single-leg, weight bearing stance. This can lead
to biomechanical abnormalities which increase
likelihood of injuries. Inadequate gluteus medius
force generation can be caused by poor gluteus
medius development, poor activation sequence,
nerve root mediated weakness, and anatomical
variations that functionally shorten the muscle.

Excessive subtalar pronation can lead to over-
load of the soleus, gastrocnemius, and tibialis
posterior during dynamic supination and plantar
flexion. This can lead to excessive muscle tight-
ness and soreness. In addition, overload from
excessive subtalar pronation can predispose the
muscles of the posterior leg to strain and tendon
damage. Moreover, excessive muscle overload
can cause muscular hypertrophy that can con-
tribute to the development of compartment syn-
drome.

Excessive supination of the subtalar joint sug-
gests contracture of the gastrocnemius, soleus, and
tibialis posterior, structural abnormalities of the
foot or weak peroneals. Excessive supination lim-
its mobility of the foot resulting in reduced abil-
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ity to attenuate force during the gait cycle and in-
creased risk for stress fractures of the leg and foot.

Palpation
Bony Palpation

Palpation of the bones of the posterior leg is
limited due to the predominance of soft tissue
structures. However, palpation of bones remains
an important part of the clinical examination of
the posterior leg, and palpation of relevant bony
landmarks of the knee and ankle is also signifi-
cant. Examination by palpation is best performed
with the patient seated on the edge of the exami-
nation table. This reduces the muscular tone of
the leg muscles and allows the knee and ankle
to be manipulated for optimal visualization and
palpation of the bony landmarks. If the patient
cannot sit, then it is best to position the patient
supine with the knee flexed to 90°.

On the medial aspect of the leg, the tibia
should be palpated along its length. Begin at the
medial joint line to assess for medial joint line
tenderness which can suggest osteoarthritis,
medical meniscus pathology, and medial collat-
eral ligament (MCL) strain or bursitis. Follow the
medial tibia plateau distally to the distal medial
collateral ligament and pes anserine insertion,
then down along the medial tibia border to the
medial malleolus. Focal pain along the medial
tibial border can be indicative of stress fracture
or if more diffuse periostitis. Chronic periosti-
tis is often associated with palpable firm bumpy
uneven texture along the midportion of the tibia.
The posterior medial border of the tibia is pal-
pable by digging the fingers around behind the
medial border, carefully probing the posterior
aspect of the tibia can help to identify stress
fractures of the posterior cortex which can pres-
ent as calf pain with or without shin pain. After
palpating the distal aspect of the posterior tibia,
examination should extend into the foot to probe
the navicular tubercle. The navicular tubercle is
the insertion of the posterior tibialis, and pathol-
ogy of the navicular can often give rise to medial
ankle and leg pain.

Bony palpation of the posterior leg is limited
to the flabella of the lateral gastrocnemius tendon
and posterior ankle. In the ankle, the posterior
talus and dome of the calcaneus should be ex-
amined. The dome of the calcaneus and poste-
rior talus are palpated in the soft depression just
anterior to the Achilles tendon. Pain with bony
palpation of the calcaneus can suggest fracture,
stress injury, or in adolescents—calcaneal apoph-
ysitis. Compression of the calcaneus for each
side, the so-called squeeze test, can help evalu-
ate for bony pain. The pain with palpation of the
posterior talus suggests possible posterior mal-
leolus fracture, os trigonum syndrome, or poste-
rior impingement syndrome. Deformities of the
calcaneus and soft tissue calcification should be
noted and palpated for tenderness. A Haglund’s
deformity presents as a distinct bony prominence
of the posterolateral calcaneus. This should be
distinguished from Haglund’s disease which re-
sults from soft tissue inflammation of the retro-
calcaneal bursa and Achilles tendon insertion.
Enthesophytes or spurring at the insertion of the
calcaneus is common and may be associated with
pain on palpation.

Bony palpation of the lateral aspect of the
leg should begin at the lateral joint line extend-
ing along the lateral tibial plateau to head of the
fibula. Instability, arthritis, or ganglions of supe-
rior tibiofibular joint often present as pain in the
lateral calf or leg. Continuing distally an attempt
should be made to palpate the entire length of the
fibula to the lateral malleolus. Focal pain with
palpation of the fibula without a history of trauma
suggests stress fracture, injuries that often refer
pain to the posterior or lateral leg. The proximal
fibula can also be fractured from a direct blow or
following significant rotation ankle sprains that
result in propagation of a Maisonneuve fracture.

Soft Tissue Palpation

Soft tissue palpation is often the most valuable
part of the clinical examination for posterior leg
pain. When you are familiar with the natural his-
tory of muscle injuries in the posterior leg, hear
the patients’ account of their pain and observe
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them walk into the exam room; anatomical-based
palpation can often quickly allow the examiner
to literal and figuratively put their finger on the
problem. Although this is very rewarding, it is
critical to complete the exam to evaluate for any
concomitant pathology and assess for causative
factors.

It is important to palpate the soft tissue struc-
tures in their entirety. In respect to muscles, the
whole muscle belly as well as the associated ten-
dons and aponeurosis should be carefully exam-
ined for trigger points, increased tone, swelling,
thickening, defect, or mass. It is helpful to palpate
in both a relaxed state and during active contrac-
tion. Palpating though the full range of relative
joint motion can aid evaluation of symptomatic
muscles. In addition, some soft tissue palpation is
best done after exertion. This is particularly help-
ful to evaluate for muscle herniations and chronic
compartment syndrome where the palpation of
the can be normal at rest but become tight, tender,
and swollen with extended exertion.

To perform a comprehensive examination of
the leg by palpation, it is helpful to proceed in a
sequential fashion. Begin with the posterior as-
pect of the knee. Here the popliteal fossa can be a
good landmark to help define the relevant struc-
tures. The superior borders of the popliteal fossa
are bound by the biceps femoris tendon laterally
and the semimembranous and semitendinosus
muscle medially. From this location, distal biceps
femoris should be palpated to its attachment on
the posterior fibula and the medial hamstring ten-
dons along the posterior medial knee to their re-
spective attachments. The semitendinosus tendon
travels medially with the sartorius and gracilis to
form the combined pes anserine insertion. The
location of the pes anserine is a common site of
bursitis on the anterior medial leg but which can
extend posteriorly causing leg pain and swelling.

The inferior margins of the fossa are formed
by the medial and lateral heads of the gastrocne-
mius. When present, the plantaris muscle belly
will be palpable medial to the lateral head of the
gastrocnemius in the popliteal fossa. A neurovas-
cular bundle containing the popliteal artery, vein,
and posterior tibial nerve cross through the pop-
liteal area from deep to superficial, respectively.

With the knee in a relaxed and flexed position,
the popliteal artery pulse can usually be felt by
pressing the fingers deep into the fossa along the
posterior joint capsule of the knee. Absence or
asymmetrical palpation of the popliteal pulse can
suggest vascular occlusive disease or mechani-
cal obstruction. Because it is the most superficial
structure crossing the popliteal area, occasionally
disorders of the posterior tibial nerve can result in
a palpable neuroma or positive compression test
for neuritis. The tibial nerve provides muscle and
sensory innervation to the posterior leg. Isolat-
ed tibial neuropathy is uncommon but can arise
from a schwannoma or direct compression from
a popliteal mass such as a baker’s cyst, popliteal
aneurysm, or hematoma.

The saphenous nerve supplies sensation to the
medial leg. Saphenous nerve injury can be an iso-
lated finding or related to femoral neuropathy. An
isolated injury to the saphenous nerve will pro-
duce only sensory deficits. The saphenous nerve
can be injured during knee surgery, venous graft-
ing for coronary artery bypass, or from direct
trauma. Injuries to the saphenous nerve can lead
to tenderness or paresthesias in the medial leg.
The infrapatella branch of the saphenous nerve
can be palpated over the medial tibia at the level
of the tibial tubercle. A positive Tinel’s sign can
help confirm the diagnosis by briskly tapping
along the nerve to reproduce symptoms.

Popliteal (Baker’s) cysts are a common find-
ing on palpation of the popliteal fossa. Classical-
ly, Baker’s cysts will occur at the medial aspect
of the fossa between the medial gastrocnemius
and semimembranosus tendons and are more
easily palpable with the knee in extension. Often
Baker’s cysts will be asymptomatic and represent
an incidental finding. However, when Baker’s
cysts are symptomatic they can cause posterior
leg pain or sensations of swelling and tightness
in the calf that are exacerbated by activity or pro-
longed standing. Baker’s cysts are prone to leak-
age or rupture which can produce acute, severe
pain and swelling in the posterior leg. A ruptured
Baker’s cyst is often misdiagnosed as a DVT or
gastrocnemius strain.

Although they can have loculated segments,
Baker’s cysts arise from invaginations of the



6 Clinical Assessment of the Posterior Leg

71

knee joint synovia and communicate with the
knee joint. Occasionally, Baker’s cysts will be-
come vastly distended and cause a palpable mass
in the calf. Conditions that produce effusions of
the knee will result in progressive enlargement
of the cyst. Therefore, treatment of symptomatic
Baker’s cysts is best accomplished by treating
the underlying pathology of the knee that results
in increased synovial fluid production. In certain
circumstances, drainage or surgical resection of
the cyst can be considered.

Moving distal from the popliteal fossa the most
superficial structure of the posterior leg is the
gastrocnemius. The gastrocnemius extends from
above the knee to its insertion on the calcaneus.
The muscle can be palpated in a relaxed position
when the knee is in flexion. Increased muscle
tone and thickened bands of tissue suggest abnor-
mal tightness and may predispose to strain. Find-
ings of contracture or excessive tightness should
prompt investigation of causative factors such as
poor biomechanics. Chronic strains often result in
fibrotic disorganized scar tissue that can frequent-
ly be detected on careful palpation. Contusions of
the gastrocnemius can reveal palpable hematoma
and swelling. Acute strains of the gastrocne-
mius most commonly occur at the belly or distal
myotendinous junction of the medial head of the
gastrocnemius and are often associated with sig-
nificant swelling and ecchymosis. Increased tone,
marked tenderness, and a palpable hematoma can
often be easily appreciated. In high-grade tears, a
palpable defect in the muscle is present. Stretch-
ing or contraction of the gastrocnemius during
palpation aggravates symptoms.

The soleus lies deep to the gastrocnemius. A
pincer grip allows for palpation of the medial
and lateral borders of the soleus deep to the gas-
trocnemius. The medial third of the soleus can
become noticeably hard and inflexible often in
association with increased subtalar pronation.
The soleus aponeurosis can be easily palpated in
the distal posterior leg. Tender ropy texture of the
aponeurosis is often associated with medial shin
pain. Strains of the soleus are typically found in
the lateral portion of the muscle. Palpation of the
lateral soleus deep to the gastrocnemius will re-
veal tenderness and increased tone which wors-

ens with passive stretch and active contraction of
the muscle.

An accessory soleus is an anatomical variant
estimated to be present in 5% of the population
[4]. Most commonly it presents as a palpable uni-
lateral soft tissue mass or visible asymmetrical
fullness in distal medial aspect of the posterior
leg. An accessory soleus muscle can be painful
and lead to posterior tibial nerve compression or
compartment syndrome.

The gastrocnemius, soleus, and plantaris
share a common attachment on the calcaneus by
way of the Achilles tendon. The Achilles tendon
is a thick, superficial, and easily palpable from
the distal one third of the calf to the calcaneus.
The tendon is a common source of posterior leg
pain and should be carefully examined along its
length for thickening, crepitus, calcific densities,
defects, and pain. The most common cause of
Achilles tendon pain is due to tendinopathy, but
it is also frequently strained or ruptured.

Achilles tendinopathy can be insidious in
onset but is typically associated with abrupt
changes in activity. Achilles tendinopathy can be
found in both the midportion of the tendon or at
its insertion. Midsubstance Achilles tendinopathy
is characterized by tenderness on palpation of the
midportion of the tendon often associated with
nodular thickening, swelling, or crepitus. Cal-
cific deposits within the midportion of the ten-
don can occur and, if present, are typical easily
palpable and visible on x-ray. Insertional Achil-
les tendinopathy is found along the broad inser-
tion of the Achilles at the calcaneus. Insertional
Achilles tendinopathy is often associated with a
Haglund’s deformity, retrocalcaneal or calcaneal
bursitis, and enthesophyte formation.

Achilles tendon rupture is a common injury in
male middle-aged athletes. Patients often report
thinking they were struck in the back of the leg
and heard a snap or pop associated with acute
loss of the push-off phase of gait. Acutely, a vis-
ible and palpable defect is typically present about
2 in. proximal to the Achilles tendon insertion.
However, with time the defect may be masked
by swelling. Examination is best performed with
the patient prone and feet off the examination
table. A combination of findings on inspection,
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palpation, and manual muscle testing along with
a positive Thomson test is used to make the diag-
nosis. The Thomson test is typically performed
with the patient prone on the exam table so that
the knee is fully extended and the ankle off the
table in a relaxed neutral position. The midpor-
tion of the calf is then squeezed to produce plan-
tar flexion. A positive test will result in markedly
decreased or absent motion.

The deep posterior compartment of the leg
contains the tibialis posterior, flexor digitorum
longus, and flexor hallucis longus muscles as
well as two separate vascular bundles comprising
the tibial nerve and posterior tibial vessels as well
as fibular artery and vein, respectively. Effective
palpation of the deep posterior compartment of
the leg requires the muscle of the superficial pos-
terior compartment to be relaxed. This can be ac-
complished by passive flexion of the knee and
plantar flexion of the ankle with the patient in a
seated or prone position. Using a hook-type grip,
the posterior compartment can then be examined
from the posterior medial aspect of the tibia deep
to the soleus. Tightness, pain, or palpable mass-
es due to muscle herniations should be sought.
Examination of the deep posterior compartment
should extend to palpation of the tendons of the
deep compartment as the pass behind the medial
malleus and to their insertions (see Fig. 10.1 in
Chap. 10). The popliteus muscle has its origin
as a tendinous attachment on the lateral femoral
condyle and posterior lateral horn of the menis-
cus. It inserts more broadly along posterior tibial
above the soleus and deep to the gastrocnemius
and plantaris. The popliteus assists in knee flex-
ion and internal rotation of the leg. It can be pal-
pated at both its origin and insertion. This is best
accomplished in the prone position with the knee
flexed. By palpating or pining the muscle while
alternating between a shortened position (passive
knee flexion and internal rotation of the leg) and
lengthened position (passive knee extension and
external rotation of the leg) pain arising from the
popliteus can be more accurately reproduced. In-
juries of the popliteus can be isolated but more
often are associated with posterior lateral corner
injures in the knee. Symptoms of popliteus injury

included limited ROM, knee instability, and pos-
terior leg pain [5].

Along the fibular head and neck, the com-
mon peroneal nerve is vulnerable to injury and
compression. Neuropathy of the common pero-
neal nerve can result weakness in ankle dorsi-
flexion and eversion with pain and paresthesias
in the posterior lateral leg and dorsum of the foot.
Manual compression or a Tinel’s test of the nerve
at this location should reproduce or aggravate
symptoms.

Range of Motion Testing for Posterior
Leg Pain

There is variation on the reported normal ROM
values for adults [6-8]. For example, reported
normal knee flexion ranges from 130 to 160°,
while ankle dorsiflexion normal values have
been reported from 13 to 30°. In the clinical set-
ting ROM is often estimated, but use of a univer-
sal goniometer can be helpful in establishing the
experience to make accurate estimates or in case
where specific measurement is helpful. Universal
goniometers are common in orthopedic or rehab
clinics. They consist of a protractor augmented by
two ruler-like arms, one arm is fixed or station-
ary while the other arm is mobile or moving. The
fulcrum of the goniometer is placed at the axis of
motion of the joint that you want to measure. The
fixed arm is aligned in parallel with the long axis
of the limb segment that is proximal to the joint
ROM being measured. The moving arm is at-
tached by a rivet rotates around the center of the
protractor and is aligned with the limb segment
that is distal to the joint ROM being measured.
Given the range of normal values it is helpful to
make side to side comparison in determining de-
viations from normal for a given patient.

Normal ROM values for the distal lower
extremity are as follows: Knee flexion ranges
from 130 to 160°. Ankle dorsiflexion normal
values have been reported from 13 to 30° while
ankle plantar flexion has reported normal values
from 45 to 56°. The subtalar joint ROM has a
wide range of normal values reported for inver-
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sion 5-52° and eversion 5-30° of motion. The
transverse tarsal motion range of normal val-
ues includes 20-50° of inversion and 10-20° of
eversion. First toe metatarsophalangeal (MTP)
motion is reported at 30-45° flexion and 40-90°
extension. While the lesser toes MTP ROM is
35—-40° of flexion and 40° of extension.

It is important to consider both active and
passive ROM. If active ROM is limited, pas-
sive ROM testing can provide significant clinical
information. When active ROM is significantly
less than passive ROM, it indicates limitations
are likely from patient guarding, soft tissue pa-
thology such as muscle injury or tendon rupture.
In passive ROM “end feel” is often reported and
can be a helpful aid to the clinician. End feel is
usually described as hard or soft. Hard end feel
typically is used to describe bony obstruction
to further ROM. Hard end feel in the setting of
abnormal passive ROM often indicates bony im-
pingement or other static restriction to motion
such as joint contractures. Soft end feel is more
of a stiffness of the tissues and can be due to in-
creased neural tone, guarding, or passive proper-
ties of the soft tissues themselves.

Manual Muscle Testing of the
Posterior Leg

Manual muscle testing is a critical part of the
examination of the posterior leg. Because the
muscles of the posterior leg are all predominately
plantar flexors, weakness of the muscles of the
posterior leg can result in similar functional com-
plaints. Therefore, isolation of individual muscle
function on manual muscle testing is particularly
important for determining the underlying pathol-
ogy. Weakness on manual muscle testing can
result from structural, neuropathic, or patient-
mediated causes. It is important to know both
the neurologic innervation and function of each
of the muscle in the posterior leg. In addition, if
pain or guarding significantly limits the exam,
detailed conclusions from manual muscle testing
will be tenuous.

The gastrocnemius, soleus, and plantaris
make up the superficial posterior compartment

of the leg. They share a common innervation
(S1, S2, and tibial nerve) and tendon (Achilles)
insertion on the calcaneus and all contribute to
plantar flexion of the ankle. Of these muscles,
the gastrocnemius has a disproportional influ-
ence on ankle plantarflexion and therefore can
make it challenging to assess the contribution of
the soleus and plantaris on manual muscle test-
ing. In addition, because of the large size of the
gastrocnemius subtle weakness will be difficult
to identify on standard manual muscle testing. To
address these issues, the isolation of the gastroc-
nemius can be improved during manual muscle
testing by having the patient plantar flex the
ankle against resistance with the knee in exten-
sion and the ankle in dorsiflexion. This can ini-
tially be done with the patient seated. If strength
is full and pain free, the patient can be placed
supine on the examination table with the knee
fully extending while you position yourself to
use your body weight to provide additional resis-
tance plantar flexion. Single leg heel raises with
the knee extended can also reveal subtle weak-
ness in the gastrocnemius.

Like the gastrocnemius, the plantaris cross
both the knee and ankle. The plantaris plays a
minimal role in ankle plantar flexion. For these
reasons, isolation of the plantaris from the gas-
trocnemius on manual muscle testing is largely
untenable. For a suspected plantaris rupture,
manual muscle testing for the plantaris should be
done, such as the gastrocnemius, with the knee
in an extended position. The muscle belly of the
plantaris is located adjacent to the lateral head of
the gastrocnemius in the popliteal fossa. Most
gastrocnemius injuries occur in the medial head,
so if manual muscle produces pain or cramping
in the posterior lateral leg at the level of the pop-
liteal fossa it may suggest plantaris injury.

Unlike the gastrocnemius and plantaris, the
soleus does not cross the knee joint. Therefore,
manual muscle testing of the soleus should be
performed with the knee in flexion and the ankle
in dorsiflexion to limit the contribution of the
gastrocnemius in plantar flexion. Most soleus
strains occur laterally at the myotendinous junc-
tion.
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The deep posterior compartment of the leg
contains the posterior tibialis, flexor hallucis lon-
gus, and flexor digitorum. All three muscles are
predominantly innervated by L5 and the tibial
nerve. The posterior tibialis is a plantar flexor
and supinator of the ankle. The posterior tibi-
alis can be difficult to isolate in manual muscle
testing. Testing can be facilitated by placing the
ankle in eversion and having the patient plantar
flex and invert the ankle against resistance. A
modified heel raise can also be used to test the
strength of the posterior tibialis. Have the patient
stand as close as possible to the wall and then
perform a single leg heel rise with their weight
centered over the medial aspect of the foot and
great toe. The flexor hallucis longus muscle can
be manually tested by having the patient plantar
flex or curl the great toe against resistance while
you stabilize the calcaneus. Likewise, the flexor
digitorum longus muscle can be tested stabilizing
the heel and having the patient plantar flex or curl
the lesser toes.

The Neurologic Examination for
Posterior Leg Pain

Neuromyofascial pathology can cause referred
pain to the posterior leg. As noted in the section on
manual muscle testing, weakness can be caused
from orthopedic or neurologic abnormalities. Sen-
sation and manual muscle testing should be per-
formed in all patients to evaluate for neuropathy.
In addition, trigger points in the gluteal muscles
have been described as frequent cause of referred
pain to the posterior leg. The joints of the spine
and associated soft tissue have also been impli-
cated as a potential cause of referred pain to the
posterior leg. Patients with intermittent posterior
leg pain that is variable in location and character
should prompt the clinician to consider referred
pain from neuromyofascial causes. Chapter 13,
Complementary Medicine Practices for Muscu-
lar Injuries of the Posterior Lower Leg contains a
detailed discussion of the evaluation and manage-
ment of posterior leg pain from myofascial causes.

As discussed above, peripheral nerve entrap-
ments can cause posterior leg pain. Sural nerve

entrapment can result from trauma such as sur-
gery or compression from a cast. Sural nerve en-
trapment can also be caused internal compression
due to mass or swelling. Tibial nerve entrapment
is an infrequent cause of leg pain. However, tibial
nerve entrapment can occur due to compression
from a Baker’s cyst, popliteal artery aneurysm,
or other space occupying mass. Tibial neuropa-
thy can lead to paresthesias of the plantar surface
of the foot and weakness in ankle plantar flexion,
inversion, and toe flexion.

Patients with chronic or intermittent posterior
leg pain, particularly if associated with myotomal
weakness and dermatomal paresthesias should
be carefully examined for lumbar radicular pa-
thology. Radiculopathy from L4, L5, S1, and S2
nerve roots can all refer pain to the posterior leg.
Characteristically L4 radiculopathy is associ-
ated medial leg pain, while L5 radiculopathy can
cause lateral leg pain and S1 or S2 more classic
calf pain. Patients with radiculopathy will typi-
cally have correlated myotomal weakness and
sensory disturbances. Pathology at the L4 neuro-
logic level is associated with weakness in ankle
dorsiflexion, abnormalities in patellar reflex test-
ing, and sensory abnormalities along the medial
ankle and foot. L5 radiculopathy is associated
with weakness in the extensor hallucis longus
and posterior tibialis. Sensory loss associated
with L5 radiculopahty is seen in the lateral leg,
dorsum of the foot and web space between the 1st
and 2nd toes. There is no associated reflex test-
ing for L5 radiculopathy. Lumbar radiculopathy
from the S1 nerve root is associated with weak-
ness in ankle eversion and plantar flexion making
toe walking symptomatic. Sensory abnormities
occur over the lateral foot and heel. Abnormal
Achilles reflexes are also associated with S1 ra-
diculopathy. Of note, S2 radiculopathy cannot be
directly assessed from the lower extremity exam-
ination but can affect the intrinsic muscles of the
foot resulting in dysfunction of deformity.

Several neural dynamic tests have been de-
scribed to help the clinician assess for neurogenic
pain. These tests attempt to isolate and stress the
neural structures to reproduce or aggravate the
patients presenting complaints. The straight leg
test is used to induce back and leg pain in patients
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with suspected radiculopathy. To perform the
straight leg test, have the patient lie supine on the
examination table with the knees fully extend-
ed and neck in neutral position. The examiner
should cup the heel of the affected extremity and
then passively lift it off the table while maintain-
ing full knee extension. The extremity should be
raised until symptoms are produced or passive
ROM is constrained. A positive test reproduces
or aggravates the patient’s leg pain or neurologic
symptoms. The positive straight leg test is often
associated with discomfort in the lumbar spine or
along the course of the sciatic nerve. The Kern-
ing test is used to increase tension on the spinal
cord and associated soft tissue. The Kerning test
is performed by having the patient actively move
chin to chest from a supine position with both
hands placed behind the head. The patient should
maintain a maximally forward flexed position; if
no pain in the neck is experienced by the patient
with active flexion, the examiner can apply gen-
tle overpressure to increase the stretch. A positive
test reproduces back and leg pain.

The slump test is a neural dynamic test that
combines elements of the straight leg raise and
Kerning test to increase the tension on neural
tissue. The slump test can be very effective in
revealing if the patient’s leg pain has a neural
component. Many variations of the slump test
are possible, but the general principle is to pro-
gressively increase the neural tissue tension to a
point of maximal stretch by means of spinal flex-
ion, extension of the knee, and dorsiflexion of
the ankle. The slump test is typically performed
with the patient seated on the exam table with the
thigh supported and the knee in relaxed flexion.
To begin the test, the patient slumps forward at
the waist and shoulders, then the patient actively
forward flexes the neck so that the chin rests on
the chest at which point the patient actively ex-
tends one knee and finally actively dorsiflexes
the ipsilateral ankle. During this sequence of
movements the examiner assesses for replica-
tion or aggravation of the patients presenting
complaint and the onset of other symptoms that
would suggest neuropathic pain. If symptoms
are produced with neural tension, then the exam-
iner should assess if they are likewise relieved

by reducing neural tension and the degree to
which each component movement produces or
relieves symptoms. A positive test reproduces the
patient’s symptoms and responds consistently to
increased or decreased neural tension [9].

Calf cramps are a common and painful occur-
rence. Although a variety of etiologies for mus-
cle cramps have been proposed [10]. However,
a general consensus is building that calf cramps
arise due to alterations in spinal neural reflex ac-
tivity. This deregulation seems to be mediated by
fatigue and environmental factors in susceptible
individuals. Calf cramps can occur at rest and are
frequently nocturnal. Calf cramps are also regu-
larly seen in athletes during intense activity and
are often associated with fluid balance or envi-
ronmental factors.

The Vascular Examination for
Posterior Leg Pain

Vascular disorders can cause posterior leg pain.
Most posterior leg pain from vascular origin
presents as claudication or positional pain. How-
ever, occasionally painful masses found in the
posterior leg can be from vascular causes [11,
12]. Incidental findings of vascular calcification
on routine x-ray imaging should prompt greater
concern for potential vascular pathology. There
is significant overlap between posterior leg pain
caused by vascular etiologies, exertional com-
partment syndromes, and neurogenic causes.
Clinical evaluation of the vascular system can
be helpful in discriminating between these diag-
noses. However, evaluation can be challenging
during routine examination as findings are often
present only after provocation by specific activi-
ties. For this reason, clinical testing should be
done both at rest and dynamic states if a vascu-
lar disorder is suspected. Despite the importance
of the clinical exam, imaging studies or other
testing is often required to confirm the vascular
causes of leg pain. More information on imaging
and tests for vascular disorders can be found in
Chap. 7, Imaging and Tests for Assessment of the
Posterior Leg.
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Vascular Entrapments

Vascular entrapments are an uncommon cause of
posterior leg pain and can be difficult to diagno-
sis. However, they remain an important consider-
ation in patients presenting with activity-induced
posterior leg pain. Vascular entrapment presents
as exertional leg pain that resolves promptly with
rest. A repetitive exercise bout on consecutive
days does not result in more severe symptoms.
Pain can be worse with walking than running.
Occasionally vascular entrapment is associated
with signs of acute or chronic limb ischemia.
Popliteal artery entrapment can be anatomical or
functional. Anatomical entrapment occurs due
to structural variation in the course of the pop-
liteal artery or constriction from the presence of
abnormal soft tissue structures. Functional popli-
teal artery entrapment is thought to be related to
hypertrophy of the gastrocnemius that result in
compression of the artery during active plantar
flexion of the ankle. Entrapment of the anterior
tibial artery has been reported at the interosseous
membrane of the tibia and fibula.

The clinical examination for vascular entrap-
ments often requires reproducing the action that
causes the entrapment. Examination of pulses
immediate postexercise can reveal weak or ab-
sent distal pulses. Palpation of pulses during pas-
sive dorsiflexion and active plantar flexion of the
ankle can produce dynamic deficits in popliteal
pulse suggesting possible entrapment. Likewise,
auscultation of a bruit is occasionally found at
rest but is more likely to be elicited in dynamic
position with maximal active contraction of the
gastrocnemius or passive dorsiflexion of the
ankle. Similarly, an ankle brachial index (ABI)
in dynamic position can be used to evaluate for
dynamic vascular entrapment.

Chronic Exertional Compartment

Chronic exertional compartment syndrome is
characterized by complaints of bilateral leg pain
that develops at particular intensity or duration
of exercise and resolves gradually within 30 min
of ceasing activity. Often symptoms worsen with

repeat bouts of the offending activity on consec-
utive days and can progress to the point of de-
veloping weakness, paresthesias, or rest pain in
severe cases. Although chronic exertional com-
partment syndrome is most commonly found in
the anterior and lateral compartments of the leg,
deep compartment syndrome is an important
cause of chronic exertional posterior leg pain.
Compartment syndrome of the superficial pos-
terior compartment of the leg is rare but can be a
cause of posterior leg pain. On examination, the
affected compartments can look and feel tight.
When symptoms of chronic exertional compart-
ment syndrome are precipitated through exercise
the effected compartments are noticeably taut
and tender to palpation. Examination after exer-
cise often reveals weakness of the involved mus-
cles and occasionally paresthesias on the plantar
aspect of foot from tibial nerve compression.
Palpation of posterior tibial pulse both pre- and
postexercise should be performed to evaluate for
dynamic change. Definitive diagnosis of chronic
exertional compartment syndrome is made by
direct testing of the intracompartmental pres-
sure. Testing and treatment of chronic exertional
compartment syndrome is discussed in Chaps. 7
and 10, respectively.

Vascular Claudication

Atherosclerotic vessel disease or end-artery ste-
nosis can lead to posterior leg pain. Although
most common in sedentary older patients with
a history of peripheral vascular disease, athero-
sclerosis or end-artery stenosis can mimic gas-
trocnemius strain or present as subtle exertional
leg pain in athletes [13]. Vascular claudication
should be considered in masters athletes who
present with caudation, particularly if vascular
calcification is noted on x-rays or if examination
reveals stigmata of vascular disease. Stigmata of
vascular disease are suggested by thickened nails,
reduced or absent hair, shiny skin. The palpation
of pulses is often reduced or absent. Auscultation
of an arterial bruit at rest or postexercise suggests
turbulent flow from vascular obstruction. In pa-
tients with suspected peripheral vascular disease,
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an ABI should be obtained at rest and if neces-
sary postexercise. Vascular disease that results in
abnormal stiffening of the vessel can produce a
false negative or an abnormally elevated ABI—
so-called noncompressible disease. If extensive
vascular calcification is noted on x-ray or abnor-
mally elevated values are obtained by ABI, fur-
ther investigations should be considered.

Endofibrosis

Arterial endofibrosis can cause exertional poste-
rior leg pain but most commonly presents in the
thigh. The pathology appears to have a proclivity
for endurance athletes who engage in repetitive
hip flexion which leads to repetitive kinking and
microtrauma of the artery. Most common in cy-
clists, arterial endofibrosis has also been reported
in runners, rowers, rugby players, race walk-
ers, and triathletes. Symptoms typically present
as unilateral cramping or tightness of the lower
extremity during intense exercise progressing
rapidly to cause reduction or cessation of activ-
ity. The vast majority of arterial endofibrosis is
found in iliac artery but has also been described
in proximal and distal distributions. Psoas hyper-
trophy and heredity factors have been suggested
as possible predisposing causes to development
of endofibrosis. Clinical examination for arterial
endofibrosis includes auscultation for bruits over
femoral artery during dynamic positioning of the
hip in flexion at rest or immediately postexercise
and palpation of distal weak or absent pulses
immediately after exercise. ABI testing done at
rest and postexercise can be used to augment the
clinical evaluation. Definitive diagnosis is made
by vascular imaging.

Deep Venous Thrombosis

DVT can present as posterior leg pain or can arise
as a complication of injuries to the leg. Risk fac-
tors include trauma, immobilization, and clotting
disorders. The trauma, reduced use, and swelling
that result in muscle injuries to the posterior leg,
all increase the risk of DVT and should inform

thoughtful recommendations for the treatment of
the primary injury to reduce the chance of this
complication. DVT is a relatively common com-
plication of lower extremity surgery, and patients
presenting with posterior leg pain after surgery
should engender a high index of suspicion for
this disorder [14]. DVT typically presents as
posterior leg pain and swelling associated with
increased warmth and calf tenderness. Homan’s
sign is a clinical examination test that is often
performed to assess for DVT. A positive Homan’s
sign elicits pain in the calf during forceful over-
pressure of passive dorsiflexion of the ankle with
the knee in full extension. Diagnosis of DVT can
be made with the assistance of laboratory and im-
aging tests.

Additional Special Tests for Posterior
Leg Pain

Assessment of Leg Length Discrepancy

If inspection suggests possible leg length discrep-
ancy, further clinical evaluation can be performed
to identify the asymmetry. With the patient lying
supine in neutral position and with the legs fully
supported by the table, compare the relative po-
sition of the medial malleoli of each ankle. If a
significant difference is noted between the two
legs, further tests for leg length asymmetries can
help determine if the leg length discrepancy is
anatomical or functional.

Anatomical discrepancies can be found by
measuring the length of each leg and evaluat-
ing the individual segments. Measurement of leg
length is typically performed supine, with the legs
symmetrically positioned and fully supported on
the table. From this position, a tape measure is
used to determine the distance from the anterior
superior iliac spine (ASIS) to the medial malleoli
of each leg. If a substantial difference is identi-
fied between the two legs, the segmental lengths
of the femur and tibia can be assessed quickly by
moving the patient’s legs so that the knees are
flexed to 90° with the feet together, heels parallel
and flat on the table. Tibial length differences can
then be evaluated by looking up from the foot of
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the bed and checking to see if one knee extends
higher than the other. Asymmetry of femur length
is assessed by viewing the knees from the side to
see if one knee juts ahead of the other.
Functional or apparent leg length discrepan-
cies arise from asymmetries at the hip or pel-
vis. Measurements for anatomical leg length as
described above should be independent of any
functional or apparent leg length discrepancy. If
functional leg length is suspected, a measurement
from umbilicus to each medial malleoli can de-
termine the amount of the leg length discrepancy.
Functional leg length asymmetry often results
from pelvic obliquity; if this is the case a trial of
manual techniques to correct the pelvic obliquity
can often improve or resolve the discrepancy.

Silfverskiold Test

The Silfverskiold test is used to determine if an
equinus contracture arises from the gastrocne-
mius or the Achilles tendon. The test is performed
by holding the hindfoot in neutral position while
testing the range of ankle dorsiflexion with the
knee in full extension and subsequently at 90° of
flexion. If additional dorsiflexion is noted with
the knee in flexion then the contracture involves
the gastrocnemius (see Fig. 10.2 in Chap. 10).

Tuning Fork Test for Stress Fractures

A tuning fork can be used to percuss along the
tibia and portions of the fibula as a clinical as-
sessment for stress fracture. Although the evi-
dence for the tuning fork test is questionable, it
is easily applied in a clinical setting and if posi-
tive may expedite treatment while definitive di-
agnosis is pending [15, 16]. Typically this test is
done after identifying areas of bony tenderness
on palpation. To perform the test, the tuning fork
is struck and then placed on the previously iden-
tified site of bony tenderness. If the vibrations
from the tuning fork elicit pain this would be
considered a positive test.
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Imaging and Tests for
Posterior Lower Leg

Eric P. Sturos and J. Bryan Dixon

Introduction

Posterior leg pain has a wide variety of causes,
many of which can be difficult to determine
clinically. Several diagnostic tests are available
to assist the clinician in confirming the diagno-
sis of a muscle injury and evaluating for other
etiologies of posterior leg pain. The main focus
of this chapter will be on magnetic resonance im-
aging (MRI) and ultrasonography, as these tests
are widely available and particularly helpful in
diagnosing soft tissue injuries. This chapter is
organized into sections covering musculoskeletal
injuries, impairments of the nervous system, vas-
cular disorders, and a more wide-ranging section
regarding tests for other etiologies of posterior
leg pain.

Musculoskeletal Injuries

MRI and ultrasound (US) are currently consid-
ered the modality of choice in the imaging of
musculotendinous injuries [1]. Radiographs are
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frequently the first imaging modality used in the
assessment of leg pain and are particularly help-
ful in evaluating skeletal abnormalities, but play
a limited role in suspected soft tissue injuries [2].
Because of the limited role diagnostic X-ray and
computed tomography (CT) play in evaluating
soft tissue injuries, these modalities will not be
covered in detail but the reader should keep in
mind the usefulness of these tests in evaluating
patients for fractures, heterotopic ossification, tu-
mors, and other bony abnormalities that are in the
differential diagnosis of posterior leg pain.
Athletes and active people are at high risk
for muscle injury of the posterior leg due to the
demands of their sport or occupational activities
[1]. Muscle injuries are common in athletes with
over 90 % of the muscle injuries caused by exces-
sive strain or contusion [3]. Although injuries to
the posterior leg can often be diagnosed clinical-
ly, imaging has an important role in determining
management, optimizing rehabilitation, and dif-
ferentiating musculotendinous injury from other
causes of posterior leg pain. Imaging studies are
also commonly used if a definitive diagnosis can-
not be made with the history and physical exam
or if prognostic information is needed to guide
return to play expectations for elite athletes.
Common injuries to the musculotendinous
units in the posterior leg include strain, contu-
sion, and avulsion injuries. These injuries are
generally characterized by muscle fiber disrup-
tion, intramuscular hemorrhagic dissection, he-
matoma around the fascia or at the muscle-tendon
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junction, and in the case of avulsion, separation
of a tendon or ligament from its bony attachment.
Each of these injuries is described below to assist
the reader in determining which studies to order,
how to interpret the results and to elucidate the
role of imaging in follow-up to the acute injury.

Muscle Strain, Tear, and Rupture

Muscle strains or tears often affect muscles that
have primarily fast-twitch type-2 muscle fibers,
span two joints, and undergo eccentric contrac-
tion [3]. The gastrocnemius muscle has all of
these risk factors for injury and, not surprisingly,
is the most frequently injured muscle in the pos-
terior leg. The soleus is considered low risk be-
cause it only crosses the ankle joint and is largely
made up of slow-twitch type-1 fibers. When a
muscle is subjected to stresses beyond its capac-
ity, injury will occur at the weakest point along
the muscle-tendon-bone axis. In adults, the
myotendinous junction is commonly the weakest
point on this axis and is therefore the location of
most strains, tears, and ruptures.

In the case of a suspected muscle strain, diag-
nostic imaging can be used to confirm the diag-
nosis, provide detailed information on the degree
of injury, aid in surgical planning, evaluate for al-
ternative or concomitant pathology, and provide
information to guide conservative treatment and
return to play expectations. Ultrasound and MRI
are particularly well suited to the evaluation of
myotendinous injury. The choice between these
imaging modalities varies based on a variety of
factors [3].

If used by an experienced operator, ultrasound
is an ideal choice for imaging acute muscle inju-
ries of the posterior leg [4]. In acute injuries, the
clinical exam is often limited by pain and swell-
ing. Ultrasound can often be used in this situa-
tion to make a rapid and accurate diagnosis. Ul-
trasound also has the advantages of portability,
ease of use, and decreased cost when compared
to MRI. Ultrasound has excellent dynamic spa-
tial resolution but it can be difficult to visual the
deep structures of the leg, is less widely avail-
able, and more operator dependent than MRI.

Ultrasound is generally thought to be inferior to
MRI in the sub-acute and chronic phases when
the injury-related edema starts to resolve [3].
MRI is more expensive but has superior soft tis-
sue contrast, excellent spatial resolution, and re-
producibility.

Ultrasound

Musculoskeletal diagnostic ultrasonography is
inexpensive and available in most settings that
offer specialty radiological or sports medicine
services. It allows for dynamic imaging which
can provide unique and valuable information
to aid in diagnosis [1]. In addition, ultrasound’s
ability to provide real-time visualization makes it
ideal for guiding interventional procedures such
as aspirations or injections. Ultrasound, howev-
er, remains operator dependent and is generally
considered inferior to MRI in follow-up imaging
due to its inability to differentiate the acuity of le-
sions, and the difficulty in reproducing the exact
same position/plane of imaging at later visits [1].
Significant efforts have been made to improve
and standardize training of physicians using di-
agnostic musculoskeletal ultrasound. These ef-
forts should reduce the variability and improve
access to musculoskeletal ultrasound imaging
over the coming years.

Sonographic findings have been found to be
helpful in distinguishing between mild strains
(grade I) and partial tears (grade II) [1]. Distin-
guish between grade I and II strains with MRI
can be challenging as they both will have similar
hyperintensity on T2-weighted images [1]. This
information is clinically useful as the rehabilita-
tion and management of such injuries differ sig-
nificantly. Grade I strains tend to have a low risk
of tear extension and a quicker return to normal
function. While grade II strains typically need a
more conservative approach due to increased risk
of injury progression and complications. Grade
I injuries typically resolve in about 2 weeks, in
comparison to the 4 or more weeks of recovery
needed for grade II strains.

Because of the superficial nature of the gas-
trocnemius, ultrasound is particularly useful in
imaging injuries to this muscle. The presence
of partial tears on ultrasound is seen as focal
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Fig. 7.1 A 27-year-old football player presenting with
left calf pain, clinically diagnosed as grade II injury. a
On ultrasound at initial presentation, a hypoechoic area
measuring 1.0 x 0.4 cm was noted (arrow), corresponding
with a partial tear of the medial head of the gastrocnemius
(GM). Color Doppler imaging was normal (not shown).
No evidence of hematoma or other abnormality was ob-
served. Soleus muscle (SO) appears intact. Magnetic reso-
nance imaging (MRI) was not performed on this patient at
this time. b—d Follow-up imaging 2 months after initial

hypoechogenicity of the muscle [1] (Fig. 7.1). In
the case of complete tears (grade III), ultrasound
can play a role in preoperative assessment if sur-
gery is expected. However, it should be noted
that many surgeons are not as familiar or com-
fortable interpreting ultrasound images and may
prefer MRI for surgical planning.

Ultrasound can also be used as a convenient
and inexpensive follow-up study for muscle
strains. If symptoms have persisted longer than
expected or the appropriate return of function
has not occurred, a repeat ultrasound can be per-

presentation. b Axial and ¢ coronal FS T2-w TSE images
reveal areas of hyperintensity with feathery appearance,
consistent with a partial tear of the medial head of the
gastrocnemius muscle with intramuscular edema (arrow).
Note the peritendinous edema. d On ultrasound, a persis-
tent hypoechogenic area was noted that appeared to have
increased in extent (arrow). Color Doppler imaging was
normal (not shown). A 7-month follow-up MRI showed
complete recovery (not shown). (From [1] ©Springer)

formed to assess healing and evaluate for com-
plications. Typically, follow-up studies would be
performed in 2-3 week intervals as needed.

In addition to assessing muscle injuries, ul-
trasound has the added benefit of evaluating for
the presence of a deep venous thrombosis (DVT)
or a ruptured Baker’s cyst; two conditions fre-
quently on the differential diagnosis of posterior
leg pain and swelling. Moreover, ultrasound can
be used for needle guidance in aspiration of fluid
collections associated with muscle injuries in the
posterior leg [3].
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MRI

Magnetic resonance imaging has been standard
for imaging muscle injuries for over a decade.
MRI is particularly effective in determining the
location, severity, and the extent of muscle in-
juries in the posterior leg. MRI is also useful in
assisting the clinician to objectively predict the
time required for an athlete to return to their sport
with low risk of injury recurrence, to evaluate for
possible complications, surgical planning, and
to exclude alternative disorders such as stress
fracture. MRI is indicated when the clinical di-
agnosis is uncertain, the patient has an atypical
presentation for muscle injury or when a prompt
diagnosis is needed to begin the appropriate ini-
tial management [5].

A typical MRI protocol uses a combination
of T1- and T2-weighted sequences to empha-
size the anatomy and any pathologic edema [3]
(Fig. 7.2). T1-weighted images highlight fatty
structures (fat planes, lipomas, and muscle atro-
phy), mature myositis ossificans, degenerative
tendon conditions, and aid in the characterization
of hemorrhagic lesions (hematomas, contusions,

Fig. 7.2 Axial image showing increased fluid signal in
the proximal lateral gastrocnemius consistent with a mild
strain although the location is somewhat atypical (arrow).
(From [3]. Reprinted with permission from Elsevier Lim-
ited)

hemorrhagic tumors, etc.). Since T2-weighted
images are generally fluid sensitive, they are
more sensitive to the accumulation of edema in
muscle strain injuries and especially useful in a
setting of known trauma. It is important to in-
clude both short- and long-axis imaging of the
leg with a fat- and water-sensitive sequence for
each imaging plane. Sagittal and axial images are
especially helpful for distinguishing the anterior
and posterior aspects of the leg, as the presence
of bony structures aid in anatomic reference. A
marker can be used on the patient’s skin to allow
the clinician to correlate clinical symptoms with
imaging abnormalities. Contrast is rarely used in
evaluation of routine muscle injury but should be
included if infection, tumor, or myositis is in the
differential.

Acute or sub-acute grade I strains demonstrate
bright signal on fluid-sensitive sequences illus-
trating the edema and hemorrhage at the site of
injury. Generally, there is less than 5% involve-
ment of the muscle fibers and a normal appearing
myotendinous junction. Grade II strains typically
show thinning of the myotendinous junction or
muscle fiber disruption in addition to edema and
hemorrhage. Grade III strains (high grade or
complete tears) show distinct disruption of the
muscle-tendon unit with extensive hemorrhage
and a wavy appearance of the retracted tendon.

Tennis Leg

“Tennis Leg” is a diagnostic term for muscle
injury to the posterior leg. More commonly de-
scribed today as calf strain, tennis leg has a long
and controversial history in the medical litera-
ture. It has been described clinically as the sud-
den onset of sharp pain in the mid-calf during
athletics. It most commonly refers to a strain of
the medial head of the gastrocnemius and, rarely,
the plantaris tendon or soleus muscle. The lack
of specificity in the diagnosis of tennis leg stems
largely from historical disagreement and the dif-
ficulty in being able to differentiate between pos-
terior leg muscle injuries on history and physical
exam. Modern imaging and injury classification
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Fig. 7.3 Intermuscular fluid collection between medial
gastrocnemius and soleus muscle on ultrasound (arrows)
in a patient clinically with tennis leg. (From [3]. Reprinted
with permission from Elsevier Limited)

schemes have made the diagnosis of tennis leg or
calf strain antiquated. Should clinical uncertainty
about the specificity of the injury exist, both MRI
and ultrasound can be used to clarify the location
and extent of the injury (Fig. 7.3).

Plantaris Tendon Injury

Injury to the plantaris tendon can clinically mimic
a medial head gastrocnemius strain but can be
differentiated by imaging. Plantaris tendon rup-
tures commonly result in an intermuscular fluid
collection between the soleus and gastrocnemius
with visible retraction of the plantaris muscle ap-
pearing as a mass on MRI (8-107) (Fig. 7.4).

Achilles Tendon Injury

Athletes, particularly runners, have a high inci-
dence of Achilles tendon overuse injuries that
range from paratendonitis to complete tears [2].
A healthy Achilles tendon appears flat or concave
anteriorly except for the focal convexities at the
proximal and distal tendon where it is joined with
the calf muscles and the calcaneus, respectively.

Fig. 7.4 Coronal IR images showing large intermuscular
fluid collection between gastrocnemius and soleus muscle
as a result of distal plantaris tendon rupture (arrow shows
retracted tendon). (From [3]. Reprinted with permission
from Elsevier Limited)

In tendonitis, the tendon volume increases and
becomes oval or round in cross section. The plan-
taris tendon (present in 90 % of people) runs me-
dial to the Achilles tendon prior to its insertion on
the calcaneus and should not be mistaken for an
Achilles tendon tear, or in the case of a complete
tear, not be mistaken for residual intact fibers of
the Achilles [2]. MRI or ultrasound can be used
to characterize Achilles tendon pathology and di-
agnosis Achilles tendon tears that are not obvious
on physical exam. In a partial tear, fluid signal
intensity will be seen within the tendon but can
be difficult to distinguish from tendinosis. A tear
is more likely if there are findings of edema/hem-
orrhage surrounding the site of increased signal
intensity. The clinician should carefully evaluate
any muscle atrophy, underlying tendinosis, and
the distance between torn edges of the tendon as
each factor will play a role in determining man-
agement options. A complete tear will show fiber
disruption with a visual gap between the two
edges of the retracted tendon. The most common
location of Achilles tendon injury is the middle to
distal portion and is usually attributed to underly-
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ing tendinopathy. Particular attention should also
be paid to the insertion site where pain and an-
terior constriction of the Achilles tendon from a
Haglund’s deformity can result in tendinopathy.
Posterior constriction of the Achilles tendon can
occur from direct compression often aggravated
by ill-fitting shoes.

Muscle Contusion

Muscle contusions result from direct trauma that
causes a series of events that include microscopic
rupture and damage to muscle cells, macro-
scopic defects in the body of the muscle, infiltra-
tive bleeding, and inflammation. These changes
tend to occur deep in the muscle and are often
less symptomatic than strains. On ultrasound,
contusions are described by discontinuity of the
normal musculature with indistinct hyperecho-
genicity that may cross fascial boundaries [1]. In
the acute setting, the muscle appears swollen and
may be isoechoic with respect to the unaffected
adjacent muscle. If there is moderate to severe
trauma, disruptions of muscle fibers occur with
associated hemorrhage resulting in hematoma
formation. Fluid sensitive MRI findings are char-
acterized by hyperintense signal that may have
a diffuse appearance with feathery margins. Un-
like strains, the location of the contusion is usu-
ally not limited to the myotendinous junction and
may result in increase in muscle diameter due
to the intramuscular hemorrhage and edema. It
should be noted that functional recovery from a
contusion tends to precede resolution of abnor-
malities on MRI.

Table 7.1 describes how the typical appear-
ance of new, old, and recurrent injuries differ be-
tween ultrasound and MRI.

Baker’s or Popliteal Cyst

Baker’s or popliteal cysts can be a cause of pos-
terior knee and leg pain. These cysts common-
ly leak or rupture causing pain and swelling in
the calf. Clinically, a ruptured Baker’s cyst can
be difficult to distinguish from other common

causes of posterior leg pain such as gastrocne-
mius strains or DVT. Ultrasound and MRI are
typically used in the initial workup of suspected
Baker’s cyst rupture if uncertainty remains after
clinical evaluation. Ultrasonography can be
used to localize the cyst and visualize the extent
of local edema as well as differentiate between
muscle strains, popliteal aneurysms, DVT, or
other popliteal masses. Radiographs have limited
benefit for viewing the cyst itself but will pick up
bony or calcific abnormalities that can be associ-
ated with the cyst.

Delayed Onset Muscle Soreness (DOMS)

This clinical entity refers to delayed muscle pain
and soreness following a large increase in recent
exertion. The diagnosis of delayed onset muscle
soreness (DOMS) can often be made by the his-
tory and exam alone. MRI can be diagnostic and
may generally shows a similar signal intensity
pattern seen in grade I muscle strain. However,
the changes associated with DOMS are gener-
ally more diffuse and typically affect more than
one muscle and/or compartment of the leg. Ultra-
sound may be normal or show hyperechogenicity
in several muscles.

Muscle Herniation

Muscle herniations are an uncommon but signifi-
cant cause of posterior leg pain. These injuries
typically occur after traumatic injury to the leg
that results in a focal area of fascia disruption.
The underlying muscle then herniates through
this defect causing focal pain, swelling, and dys-
function with activity. The diagnosis of muscle
herniation is often best determined clinically but
if uncertainty remains regarding the diagnosis,
MRI and US can be used for confirmation. The
muscle will appear as a focal protrusion through
a fascial defect on both imaging modalities but
the findings can be subtle. For this reason, dy-
namic imaging during muscle contraction should
be considered to make the herniation more pro-
nounced aiding in diagnosis [3, 6].
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Table 7.1 Differentiation between new, old, and recurrent injuries by imaging. (From [1]. ©Springer)

Type of injury

Imaging findings

MR imaging

‘ Ultrasound

New (acute)

Grade I strain

Intramuscular “feathery” hyperintensity on
fluid-sensitive sequences without muscle
fiber disruption

Areas of intramuscular hyperechogenicity
and perifascial hypoechogenicity (fluid
collection)

Grade II strain

Hyperintensity (edema and hemorrhage)
intramuscularly or at the MTJ, with
extension along the fascial planes between
muscle groups

Discontinuity of muscle fibers with hyper-
vascularity around disrupted muscle fibers

Irregularity and mild laxity of tendon
fibers

Altered echogenicity and loss of perimy-
sial striation adjacent to the MTJ

Hematoma at the MTJ is pathognomonic

Intramuscular fluid collection (hypoecho-
genicity) with a surrounding hyperechoic
halo

Complete discontinuity of muscle fibers
associated with extensive edema and
hematoma, and possible retraction of
tendon

Grade III strain

Complete discontinuity of muscle fibers
associated with extensive edema and
hematoma, and possible retraction of
tendon

[1l-defined area of hyperechogenicity in the
muscle, which may cross fascial planes

Contusion T1-weighted and fluid-sensitive sequences
may show hypo to hyperintensity
Hematoma Acute (<48 h): typically isointense to Appears as a hypoechoic fluid collection
muscles on T1-weighted images and may contain debris
Sub-acute (<30 days): higher signal inten- | Variable appearance (anechoic,
sity than muscle on both T1-weighted and | hypoechoic, or hyperechoic) within 24 h
fluid-sensitive sequences; variable signal | of injury; appearance changes over the
intensities within hematoma next few days becoming hypoechoic or
anechoic
Avulsion Redundant tendon edge lying within large | Evaluation is difficult due to the presence
fluid collection/hematoma of mixed echogenicity hematoma with
A small bony fragment similar echogenicity to the avulsed tendon
Old (chronic)

Muscle enlargement or
atrophy

Chronic avulsion has no surrounding
fluid and tendon edges may be difficult to
define

Scar tissue morphological

Scar tissue appears hypointense on all
pulse sequences

Areas of scar tissue have irregular features
and display heterogeneous echo texture

Chronic hematoma

Dark signal intensity rim seen on all pulse
sequences due to hemosiderin (chronic
hematoma)

MTJ musculotendinous junction

Myositis Ossificans

The diagnosis of myositis ossificans can be diffi-
cult. Traditionally, plain radiographs or CT were
thought to be sufficient for diagnosis but abnor-
malities are typically not visible until mature ossi-
fication occurs several weeks after the injury [7].

During acute to sub-acute stage, MRI can pick
up what is known as the zone phenomenon on
T-2 weighted imaging, which is an intramuscular
mass with a central area of slight hyperintensity
surrounded by inflammatory tissue edema. Early
US will show these three concentric layers as
well: a hypoechoic peripheral layer surrounding
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a thin hyperechoic layer corresponding to the os-
sification, and a hypoechoic zone in the center
[7]. Later on in the course, the pathognomonic
ossification surrounding a clear area, apart from
adjacent bony areas, will appear on X-ray.

Stress Fractures—Tibia and Fibula

Stress injuries and fractures are a common
cause of leg pain in athletes. Stress fractures are
caused by repetitive activities and often occur
in the setting of increased intensity or volume
of weight-bearing activity. The range of stress-
related injuries in the leg includes periosteal re-
action, stress fractures, and displaced fractures.
Tibial stress injuries represent the vast majority
of stress injuries in the leg. This corresponds to
the dominant biomechanical role of the tibia in
weight bearing.

Stress injuries of the leg usually present as
the insidious onset of focal exertional leg pain.
Stress injuries are usually associated with recent
changes in activity, ground surface, gait, or foot-
wear. Examination finding can be subtle but usu-
ally include bony tenderness at the site of injury
and localized swelling. Loading or tension of the
affected bone will typically reproduce symptoms.

Although often negative in the acute setting,
plain X-rays of the tibia and fibula should be
ordered in patients with suspected stress injury
of the leg. Indications of stress injury on plain
films include periosteal reaction, focal sclerosis,
cortical thickening, or frank disruption of the cor-
tex. Cortical disruption is typically lucent, linear,
transverse, and focal.

If plain radiographs confirm stress injury, no
further imaging is usually needed. However, if
plain films are negative and clinical suspicion for
stress fracture remains then either X-rays should
be repeated in several weeks or advanced imag-
ing can be ordered for further evaluation. Triple
phase bone scan, single photon emission com-
puted tomography (SPECT), or MRI are stan-
dard imaging options for radiographic negative
stress injuries. Bone scan has excellent sensitiv-
ity, but lacks the specificity of MRI and SPECT
imaging. Bone scans may not be positive in acute

setting and may show persistent abnormal bone
metabolism even after clinical resolution of the
injury. In addition, bone scan can be limited in
the detection of minute localized abnormalities.
SPECT imaging can improve the sensitivity and
specificity of traditional bone scans. Unlike a
traditional bone scan, SPECT scans obtain mul-
tiple projections from the gamma camera which
are then reconstructed to improve contrast reso-
lution. SPECT imaging can be integrated with
CT scanning (SPECT/CT) to precisely corre-
late the functional imaging of SPECT with the
high resolution structural imaging of CT. MRI
has both excellent sensitivity and specificity
for stress injuries. MRI can detect early stress-
related changes and can also provide additional
information regarding soft tissue injuries in the
differential for stress injuries of the leg. For these
reasons MRI imaging is often the imaging mo-
dality of choice for radiographic negative bone
injuries [6].

Nervous System Disorders

Electrodiagnostics (EDx), which include electro-
myography (EMG) and nerve conduction studies
(NCS), are used to evaluate suspected impair-
ments of the peripheral nervous system. They are
an extension of the physical exam for the elec-
trodiagnostic medicine consultant and aid in dif-
ferentiating neurogenic versus non-neurogenic
causes of pain, weakness, and paresthesias. A
broad differential of causes can present with these
symptoms including lumbar radiculopathy, focal
nerve entrapment, peripheral neuropathy, and
vascular concerns. Like imaging, EMG together
with NCS can aid the clinician in diagnosing the
precise anatomic location and reveal the underly-
ing pathology of the presenting complaint. EDx
testing is specific but lacks sensitivity in diag-
nosing acute or intermittent nerve injury. For
this reason, patients with intermittent symptoms
or with symptoms of less than 3 weeks duration
are unlikely to benefit from EDx. However, when
EDx is positive it helps rule in the location of a
peripheral nerve lesion and assess the degree of
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nerve damage; both of which guide management
options.

Compressive lesions or trauma to the nerve
can cause focal entrapment neuropathies, which
result in demyelination or axonal loss of sensory
and/or motor nerves. In the case of compressive
entrapment syndromes, sensory nerves are fre-
quently affected more severely and earlier when
compared to motor nerves. Common culprits in
the setting of entrapment in the leg include the
common peroneal nerve at the head of the fibula,
deep peroneal nerve in the anterior ankle, super-
ficial peroneal nerve where it penetrates the deep
fascia 10—13 cm proximal to the lateral malleo-
lus, and the tibial nerve in the popliteal fossa.

Vascular Disorders

The differential of posterior leg and calf pain
involves several vascular disorders including:
venous thrombosis, thrombophlebitis, peripheral
artery disease, popliteal artery entrapment syn-
drome (PAES), and cystic adventitial disease.
Cystic adventitial disease is a rare vascular ob-
structive condition that typically affects the pop-
liteal artery. It is most common in young men,
and like other arterial vascular disorders presents
as claudication. Venous thrombosis and throm-
bophlebitis are common and typically present as
calf pain, tenderness, and swelling. DVT can lead
to pulmonary embolism or the post-thrombotic
syndrome. Post-thrombotic syndrome is typified
by chronic leg pain and edema, skin changes, and
venous stasis ulcers. The work up of vascular leg
pain can include duplex ultrasound, ankle brachi-
al index, and potentially MRI or CT angiography
for PAES and cystic adventitial disease.

Duplex ultrasound can image the vessels and
measure blood flow. A duplex ultrasound can
be done of both the veins and the arteries. A du-
plex venous ultrasound is the standard test used
to evaluate the leg for venous thrombosis. It can
determine the extent and specific location of the
thrombosis. An ankle brachial index measures
and compares blood pressure in the arm and leg
to assess for arterial disease. Ankle brachial pres-
sures can be done at rest or before and after ex-

ercise. CT angiography can be used to confirm
static or dynamic limitations to blood flow. Mag-
netic resonance angiography (MRA) can be used
to visualize the vascular system and detect struc-
tural lesions or flow limitations.

Chronic Exertional Compartment
Syndrome (CECS)

Chronic exertional compartment syndrome
(CECS)-related leg pain is thought to be caused
by reversible ischemia of the involved compart-
ment of the leg. Intracompartmental pressure and
demand for oxygenated blood rises with exer-
tion. As the pressure within the compartment ap-
proaches the blood pressure, a mismatch occurs
between the availability and demand for oxygen-
ated blood to the muscles within the compart-
ment. The resulting ischemia and increased com-
partment pressure causes pain and dysfunction of
the structures within the compartment.

The diagnosis of CECS is made by directly
measuring intracompartmental pressures in a pa-
tient with a suggestive history and physical exam.
Commonly accepted values include >15-mmHg
pre-exercise, > 30-mmHg 1-min post exercise, or
>20-mmHg 5-min post exercise. Although direct
measurement of compartment pressure remains
the gold standard for diagnosing compartment
syndrome, MRI and near infrared spectroscopy
of oxygen saturation have also been used for di-
agnosis by visualizing the ischemic changes as-
sociated with CECS.

Laboratory Tests

There are a vast number of laboratory tests that
can be ordered in the work up of posterior leg
pain. Most of these investigations should be per-
formed only for specific clinical concerns and
not as a routine workup for posterior leg pain.
Tests that can assist the clinician in narrowing
the differential diagnosis of posterior leg pain
include but are not limited to: plasma muscle en-
zymes (creatinine kinase, aldolase, lactate dehy-
drogenase, and aminotransferases) for suspected
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myopathy or muscular dystrophy, and serologic
tests when concerned for inflammatory my-
opathy or associated connective tissue diseases.
When evaluating for suspected myopathy with-
out a clear diagnosis after the history, physical
examination, and laboratory, radiologic, and
electromyographic evaluations, a muscle biopsy
should be considered. Other tests could include
a complete blood count and metabolic profile,
creatinine kinase, and myoglobin for infectious
etiologies and rhabdomyolysis.

Conclusions

Clinicians who dedicate a large part of their prac-
tice to musculoskeletal injuries have a significant
amount of pressure to accurately diagnose, man-
age, and quantify the prognosis of sports injuries.
Imaging can play a vital role in assisting the clini-
cian to determine recurrence risks, management
options, and the amount of time needed to safely
return to play. The imaging modalities described
in this chapter should not be used independently,
but in conjunction with a thorough history and
physical examination as well as other ancillary
tests. Imaging during the rehabilitation of the in-
jury can be used to monitor the healing process
and used together with clinical symptoms to
guide therapeutic decisions.

Future areas of clinically important advance-
ment in musculoskeletal imaging include long
tract MRI of nerves and further elucidating the
role of imaging during the rehabilitation phase
of muscle injuries. The role of musculoskeletal
ultrasound imaging will likely continue to grow
and evolve [8]. Technological developments
and evidence-based imaging protocols offer the
promise of less expensive yet effective imaging
techniques to reduce overall morbidity and costs
associated with musculoskeletal injuries.
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Acute Injuries in the Posterior

Leg

Stephen M. Simons and Jeremy L. Riehm

Introduction

To understand the treatment principles of muscu-
lar injuries in the posterior leg, the clinician must
have a firm understanding of the structural anat-
omy and pathophysiology as discussed in Part 1.
Knowledge of these fundamentals will allow for
optimal patient outcomes and serve as a guide
during the workup of muscular injury. To as-
sure successful treatment, the clinician must also
feel comfortable with the steps in ascertaining a
proper diagnosis as discussed in Part II. A correct
diagnosis is crucial as there are severe long-term
complications that can ensue from an improper-
ly diagnosed muscular injury. Part III discusses
treatment of muscular injuries in the posterior leg
and starts with this chapter on acute injuries.
The posterior leg musculature can sustain
various acute injuries such as contusions, mus-
cular strains or tears, frank rupture, and puncture
wounds. Many of these injuries, predominately
strains, may present late and consequently will be
managed by the clinician while in the sub-acute
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or even chronic stage. Sub-acute and chronic
injuries are discussed in detail in Chap. 9. The
acute management of muscle injuries refers to the
time immediately following the injury and the
following several days (see Fig. 9.1 in Chap. 9).

After the sustaining muscular injury, there is
an inflammatory cascade which initiates the heal-
ing process. These inflammatory changes define
the acute phase (see Table 4.1 in Chap. 4). This
differentiates acute injures from sub-acute and
chronic injuries when proliferation and remodel-
ing of soft tissue dominate healing [1]. Details of
these inflammatory mediators and their sequela
are discussed in detail in Chap. 4. The mecha-
nism of injury most often involves a history of
a traumatic event. Occasionally, muscular strains
and some other acute injuries may occur without
a clearly described inciting event.

Acute muscular injuries to the posterior leg
are generally treated conservatively. The goal
of treatment is to restore the muscle to normal
structure and function. Surgery is rarely required
to achieve these goals, as many conditions are
amenable to an array of less invasive measures.
Notable exceptions include complete ruptures
and the development of acute compartment syn-
drome, the surgical management of which is dis-
cussed in Chap. 10. This chapter will first discuss
contusions in detail, followed by the spectrum
of other acute injuries. Table 8.1 summarizes the
treatment methods for acute muscular injuries in
the posterior leg.
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Table 8.1 Summary of the treatment methods for acute muscular injuries in the lower leg

RICE, NSAIDs, and early range of motion and rehabilitation

Prevention and management of myositis ossificans

Consider immobilization in tension to limit hematoma formation

RICE, NSAIDs, and early range of motion and rehabilitation

Injury Treatment
Contusion
Strain/tear
Partial weight bearing
Consider heel wedges
Rupture

RICE, NSAIDs, and early range of motion and rehabilitation

Partial weight bearing
Consider heel wedges
Consider surgery if complete loss of function

Acute compartment syndrome
Stab/puncture wounds

Emergent fasciotomy
Irrigation +/— debridement +/— tetanus and/or antibiotic prophylaxis

RICE rest, ice, compression, and elevation, NSA/Ds nonsteroidal anti-inflammatory drugs

Contusions

Contusions occur by direct or sheer forces applied
to the muscle resulting in capillary and venous
disruption that causes an intramuscular damage
and hematoma. The injury promptly creates a
cascade of pathophysiologic changes followed
by immediate healing efforts. The acute man-
agement strategy focuses on limiting the extent
of the hematoma formation. Proper treatment is
necessary to avoid potential complications such
as compartment syndrome or myositis ossificans.

Rest, ice, compression, and elevation (RICE)
principles apply to acute contusion injury. The
use of these four principles is recommended be-
cause they promote reduction of inflammation
and swelling. Resting (relative immobilization) a
contusion injury will help prevent further hema-
toma formation and therefore limit the extent of
blood that needs to be reabsorbed and associated
changes to the muscle and soft tissue. There is
evidence to support immediate muscle immobi-
lization to help limit hematoma formation [2, 3].
Specifically, immobilization while maintaining
some muscle tension is suggested. A West Point
study investigated a protocol for treating quad-
riceps contusion. This study found significantly
shorter length of disability using an initial treat-
ment protocol that placed the quadriceps on ten-
sion by holding the extremity in a knee flexed/hip
extended position [3]. Reminiscent of immediate

management of quadriceps contusion, resting the
gastrocnemius in tension—foot dorsiflexed and
knee extended—will theoretically provide an in-
trinsic tamponade effect by the enveloping fas-
cia. Placing the gastrocnemius in tension will not
only limit swelling and hemorrhage but will also
minimize scar formation and preserve elasticity,
contractility, and strength [3]. While there are no
available studies specific to the lower leg, using
the data presented in the West Point quadriceps
protocol, one can infer that using such a regi-
men for the gastrocnemius would lead to subse-
quent accelerated rehabilitation and an ability to
achieve full ankle dorsiflexion more rapidly.

While brief immobilization can provide thera-
peutic benefits as described above, prolonged
immobilization is associated with longer periods
of disability. Mobilization of the muscle leads to
regeneration of its components and restoration of
biomechanical strength. It is not possible to reli-
ably determine when immobilization should end,
and mobilizations begin since repetitive activa-
tion of the muscle too early may incite further
connective tissue damage and scarring. The liter-
ature suggests that when the hematoma is stable,
early restoration of motion can begin as long as
the patient is comfortable and pain free at rest.
Pain-free or minimally uncomfortable passive
range of motion is introduced early and followed
by a gradual progression to active range of mo-
tion [3].
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Ice (cryotherapy) facilitates therapeutic ef-
fects on acute soft tissue injuries by decreasing
pain and muscle spasm and also limiting inflam-
mation via vasoconstriction mechanisms. This
vascular constriction to local tissue reduces reac-
tive hyperemia from the injury and incudes leu-
kocyte recruitment. Using ice for soft tissue in-
jury has long been employed and is a mainstay of
acute injury management. However, there is very
little consensus regarding the most effective du-
ration, frequency, or mode of application of cryo-
therapy treatments. The clinician should advise
the patient to limit direct contact of cryotherapy
treatments to the skin due to possible incidental
damage to the soft tissues and give caution re-
garding signs of frostbite [4-6].

Compression limits local blood flow and can
prevent progression of hematoma formation. The
literature suggests that the combination of com-
pression and cryotherapy may be more beneficial
than either modality used alone. Lastly, elevation
takes advantage of gravity and hydrostatic pres-
sure to limit extravasation and thereby reduces
edema [6].

Aspiration of hematomas or other fluid col-
lections associated with the contusion should be
considered in the acute period. The decision to
aspirate is based on the location, extent, and pa-
tient factors. Any attempt at aspiration has risks
of introducing contamination into the effected
tissue and limiting the local tamponade effect.
Surgical evacuation of a large hematoma can be
considered but is typically deferred unless com-
plications such as acute compartment syndrome
are manifest.

During the rehabilitation process, care is nec-
essary to avoid reinjury. Myositis ossificans can
develop following the primary injury, however,
a reinjured muscle further risks developing this
significant complication [2]. Myositis ossificans
is a debilitating condition of extra-skeletal ossifi-
cation of the injured muscle or other soft tissue.
Sometimes, the calcifications spontaneously re-
absorb and the condition may go unrecognized.
Surgical debridement may become necessary if
myositis ossificans remains symptomatic and
unresponsive to conservative measures such as
indomethacin [2].

Use of nonsteroidal anti-inflammatory drugs
(NSAIDs) in the setting of muscle contusion is
controversial. Given the platelet inhibition effect,
NSAIDs may worsen hematoma formation. A
safer option may be to use simple analgesics such
as acetaminophen. However, a controlled animal
study showed that utilization of acetaminophen
versus the NSAIDs had similar effects on muscle
healing [7]. Conversely, early use of NSAIDs
may avert risk of developing myositis ossificans.
Evidence for this use is inferred from studies
showing a decrease in heterotopic bone forma-
tion after total hip replacement in patients receiv-
ing indomethacin [8]. Since there are no available
randomized controlled studies regarding utiliza-
tion and timing of various analgesics, the clini-
cian must weigh the risks and benefits when im-
plementing these medications. To supplement the
treatment of contusions, one may direct ancillary
staff to employ the use of therapeutic ultrasound.
It should be noted that although therapeutic ul-
trasound is commonly used during rehabilitation,
it does not appear to effect the regeneration of
skeletal muscle following contusion [9].

Stab or Puncture Wounds

Acute penetrating trauma from stab or puncture
wounds can cause muscular injures in the poste-
rior leg. The focus of treatment for stab or punc-
ture wounds is generally aimed at reducing risk
of infection. Thorough irrigation and cleansing
of the wound should be performed. The clinician
should determine the need for any tissue debride-
ment or surgical repair. Surgical debridement is
needed when there is deep tissue involvement
and severe contamination. When indicated, teta-
nus and/or antibiotic prophylaxis should be used

[1].

Strain, Tear, and Rupture

Most other acute injuries to the posterior leg fall
in the spectrum of rupture, tear, and strain. Ex-
cessive tensile forces lead to overstraining of the
individual myofibers. The severity of injury is
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Table 8.2 Three-part classification system for grading of calf injuries. (From [7]. ©J. Bryan Dixon)

Grade Symptoms Signs Pathologic Radiology correlation
correlation

Grade 1 Sharp pain at the time Mild pain and local-  <10% muscle fiber ~ Bright signal on

First degree—mild of injury or pain with ized tenderness. Mild disruption fluid-sensitive

activity. Usually able
to continue activity

Grade 2 Unable to continue

Second activity and ROM
degree—moderate

Grade 3 Immediate severe

Third degree—severe pain, disability

ROM range of motion

determined by the amount of force and the ability
of the soft tissue to withstand tension. Ruptures
involve complete dissociation of muscle fibers,
while tears are generally considered partial dis-
ruption in the contractile tissue. Strains are sim-
ply due to an overstretching of the muscle fibers
with no disruption. As discussed in Part II, the
clinician can use a combination of physical exam
and imaging to assist in diagnosis of calf injuries.
Grading calf injuries is typically quantitated on a
1-3 severity scale (Table 8.2).

The muscles of the superficial posterior com-
partment consist of the triceps surae (gastrocne-
mius, soleus, and plantaris) commonly referred
to as the “calf muscle.” The plantaris is a ves-
tigial muscle that is present only in 15% of the
population. This muscle is frequently injured
concurrently with the gastrocnemius and soleus.
There have been only a few case reports of iso-
lated plantaris injuries and treatment methods are
similar to other calf injuries. The caveat to these
plantaris injuries is that they very closely mimic
the typical clinical presentation of acute deep ve-
nous thrombosis. There is a paucity of literature
available regarding treatment of acute muscular
strain or rupture in the deep posterior compart-
ment. Injuries to these muscles most always
presents as a chronic or occasionally sub-acute
condition [1].

spasm and swelling.
No or minimal loss of
strength and ROM

Clear loss of strength

Complete loss of
muscle function. Pal-
pable defect or mass.
Possible positive
Thompson test

sequences. Feath-

ery appearance.

<5% muscle fiber

involvement
>10-50% disruption
of muscle fibers

Change in myotendi-
nous junction. Edema
and hemorrhage
Complete disruption
of discontinuity of
muscle. Extensive
edema and hemor-
rhage. Wavy tendon
morphology and
retraction

50-100% disruption
of muscle fibers

Gastrocnemius and Soleus

The gastrocnemius is the most commonly injured
muscle in the posterior lower leg and most of the
available literature comes from the studies on
this muscle. The gastroc is more prone to rup-
ture due to the characteristic biarticular anatomy
and muscle fiber composition with fast-twitch
fibers (see Table 4.1 in Chap. 4; [7, 10]). Acute
gastrocnemius muscle injuries occur when the
muscle experiences a sudden acceleration upon
a dorsiflexed ankle position such as the one com-
monly seen on the tennis court. Another common
mechanism is a sudden eccentric load into ankle
dorsiflexion, as seen in the case of a snowboard-
er making a hard landing. The gastrocnemius’s
musculotendinous junction and its medial belly
are most commonly injured [11]. This injury to
the medial gastroachilles junction is commonly
referred to as “tennis leg.” However, “tennis leg”
is frequently regarded as a misnomer as there are
many injury mechanisms that occur off the tennis
court. Other muscles of the posterior lower leg
are injured by various mechanisms. As discussed
in the case of gastrocnemius muscle, the vectors
involved during the injury will determine which
structures are affected.

The gastrocnemius and soleus have some im-
portant distinctions and therefore must be dis-
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cussed in further detail. While the gastrocnemius
and soleus are frequently injured concomitantly,
it is important to distinguish the two injuries if
possible. Isolation of either injury can be per-
formed by clinical examination. By placing the
knee into full knee flexion or extension, the ex-
aminer can manipulate the role of the gastroc-
nemius in movement of the ankle. The gastroc-
nemius is the primary muscle responsible for
ankle plantarflexion when the knee is placed
into complete extension. When the knee is in
full flexion, the soleus is primarily responsible
for plantarflexion. The rehabilitation potential
is significantly greater if isolated injuries can be
accurately diagnosed. The ability to utilize dor-
siflexion and plantarflexion at the ankle while
isolating a particular muscle simply by flexing
or extending the knee allows for specific muscle
rehabilitation.

Generally, nonoperative care is the standard
for gastrocnemius strain injuries. In rare cases,
surgery may be offered if the rupture is substan-
tial and results in complete loss of muscle func-
tion. Although surgical repair of the musculoten-
dinous junction can be offered, the literature does
not support a distinguishing favorable outcome
over standard nonoperative care. Although non-
operative management or watchful waiting is the
principle strategy for these strain injuries, the cli-
nician needs to be alert to the possibility of acute
compartment syndromes necessitating early sur-
gical intervention [11].

Without symptoms of acute compartment syn-
drome, the treatment regimen of muscular strain,
tear, or rupture most always involves a wide
array of conservative measures. Early treatment
protocols utilize RICE therapy and partial weight
bearing and NSAIDs. Additionally, early ankle
motion is instituted. Careful implementation re-
garding timing of NSAIDs must still be consid-
ered as discussed in the section on muscle con-
tusions. Many patients will develop ecchymosis
in the days following the injury and the patient
should be assured regarding this normal process.

Individuals who have severe strains may re-
quire crutches, though some clinicians have
opted to use rocker-bottom postoperative boots
instead. Bilateral 1-in. heel wedges are helpful

if the patient is able to ambulate. Gentle stretch-
ing may be initiated as soon as it can be accom-
plished without pain and stretches held for at
least 15 s may reduce scar tissue and facilitate
healing [8, 12]. Additionally, strengthening may
commence as soon as 24 h after initial injury.
Muscle strength should be recovered through a
program of controlled eccentric and concentric
lifting. Massage is also helpful as an adjunct to
strengthening [8]. Recently, autologous platelet-
rich plasma (PRP) has been shown to shorten re-
covery time after a muscle strain injury [13].
Return to training and competition generally
can occur after 4-6 weeks, although severe tears
may take up to 12 weeks to heal. Full participa-
tion in sports is permitted when strength is nearly
equal to unaffected leg and symptoms have re-
solved. If rehabilitation of an acute gastrocne-
mius injury is inadequate, weak scar tissue may
become injured repeatedly resulting in chronic
strain. Podiatric and gait assessment may be in-
dicated to correct biomechanical factors that con-
tribute to calf tightness and slow recovery [11].

Acute Compartment Syndrome

The clinician needs to be alert to the possible
complication of acute compartment syndrome in
the setting of muscular injuries to the posterior
leg. The posterior compartments of the leg (su-
perficial and deep) are a confined space. Swell-
ing within the compartment can lead to compres-
sion of the neurovascular structures and muscle
resulting in tissue necrosis. Acute compartment
syndrome necessitates urgent compartment fasci-
otomy which relieves compression on the muscle
and neurovascular structures [11].

The diagnosis of acute compartment syndrome
is made by clinical examination or direct com-
partment pressure testing. The clinical signs and
symptoms of acute compartment syndrome in-
clude the “5 Ps” of compartment syndrome: pain,
pallor, paresthesias, paralysis, and pulselessness.
The involved compartment will exhibit swelling
and firmness on palpation; passive range of mo-
tion of the distal extremity is also often present.
In addition, complaints of pain out of proportion
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to the trauma event and pain not responsive to
medications suggest compartment syndrome.

Ps of Compartment Syndrome

e Pain

— out of proportion

— unresponsive to treatment

— with passive range of motion of
the toes

Pallor (late finding)

Paresthesias (late finding)

Paralysis (late finding)

Pulselessness (late finding)

Palpable swelling and firmness

If the history and physical examination are sug-
gestive but not conclusive for acute compartment
syndrome, then direct measurement of compart-
ment pressure is indicated. Compartment pres-
sure of 35 mmHg or within 30 mmHg of the
diastolic blood pressure is consistent with the
diagnosis.
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Sub-acute and Chronic Injuries
in the Posterior Leg

Stephen M. Simons and Christopher C. Jordan

Introduction
Defining Sub-acute

Before a discussion can take place regarding treat-
ment of sub-acute injuries, a definition of “sub-
acute” must be clarified. Generally speaking,
sub-acute implies the spectrum of injury between
acute and chronic. However, this determination
is often based on phases of soft tissue healing.
Soft tissue healing is divided into the inflamma-
tory phase, proliferative phase, and maturation
phase. These correlate closely to the acute, sub-
acute, and chronic phases of injury, respectively.
Therefore, the sub-acute phase of healing begins
around 3—4 days and can last up to 21-28 days
or longer [1, 2] (Fig. 9.1). The emphasis during
this sub-acute phase is on repair and regenera-
tion of injured tissue. It is important to determine
what types of physiologic changes take place
during this time in order to adequately examine
treatment goals as well as available medications
and modalities that are aimed at recovery for the
various lower extremity injuries to be discussed
throughout this chapter.
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During the sub-acute phase, growth and regen-
eration take place primarily through angiogen-
esis intermixed with collagen formation. This is
stimulated by multiple growth factors including
vascular endothelial growth factor (VEGF), plate-
let derived growth factor (PDGF), and fibroblast
growth factor (FGF; Table 9.1). While this pro-
cess is an integral part to overall healing, it can
also result in scar tissue formation or prolong the
overall healing process [1, 3]. Therapies should be
aimed at reducing such effects while maximizing
the benefits of the sub-acute phase of healing.

Defining Chronic

Chronic injury can be defined both quantitatively
and histologically. These injuries involve a pro-
longed course of repair and regeneration when
compared to sub-acute injury. This consists of
continued satellite cell differentiation, type I col-
lagen production, and fibroblast proliferation [4].
Typically, chronic injuries are the result of mal-
adaptive patterns of regeneration and repair re-
sulting in persistent inflammation and decreased
function [5]. This can be exacerbated by severity
of injury, overuse, or premature return to previ-
ous level of activity. For those interested in ad-
ditional detail on the pathophysiology of skeletal
muscle injury and the phases of healing, an ex-
tensive review can be found in Chap. 4.
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Timeline of Injury

ACUTE
0-6 days

SUB-ACUTE
3-21 days

CHRONIC
>21 days

Fig. 9.1 Approximate phases of healing. Acute (0-6
days), sub-acute (3-21 days), and chronic (>21 days)

Gastrocnemius

Gastrocnemius muscle injuries occur most fre-
quently in middle-aged or older adults, although
these injuries will also afflict younger athletes.
Most vulnerable are those who participate in one
of the following sports: running, basketball, foot-
ball, skiing, and racquet sports [6]. Biomechani-
cally, the most common mechanism of injury
is caused by a sudden knee extension while the
foot is already dorsiflexed [7, 8]. The location of
injury within the gastrocnemius is primarily the
medial head at the myotendinous junction (MTJ).
This region is considered the weakest part of the
muscle—tendon complex [9]. The medial head
also has a prolonged attachment, which may pro-
vide stronger forces than the lateral head of the
gastrocnemius [8].

Most sub-acute gastrocnemius strains will be
evident by history and physical exam. Patients
will usually recall a single event antecedent to
symptom onset, although occasionally, the event
is either forgotten or was overshadowed by dis-
tracting events such as sport participation. When

prompted, the patient may be able to localize the
site of pain at onset to the medial calf, or they
may report vague posterior leg pain.

Examination sequence is similar to other or-
thopedic injuries: inspect for swelling, ecchymo-
sis, or deformity. The examiner should then pal-
pate carefully for a single or broad-based tender
location. A palpable defect should be sought as
well. The novice must be cautioned, as some-
times a normal myotendinous junction may be
interpreted as being defective. Examining the
contralateral leg can provide comparison. The
examiner may also ask the patient to provide a
plantar flexion force against resistance (i.e., the
examiner’s hand) to elicit pain or a noticeable
defect. Inspection and palpation can also be per-
formed with the patient standing, followed by
heel-rise efforts if tolerated.

Imaging typically is not required to make the
diagnosis. However, the elite athlete may benefit
from magnetic resonance imaging (MRI) or ul-
trasound examination to gain additional informa-
tion on prognosis and healing. Imaging is also
useful to help exclude other causes of calf pain,
which include thrombophlebitis, compartment
syndrome, ruptured popliteal cyst, or plantaris
rupture [8]. Diffuse swelling to the lower leg may
also prompt the clinician to consider deep vein
thrombosis (DVT). If diagnostic imaging is need-
ed, the two primary methods include MRI and
ultrasound; however, MRI is preferred for sub-
acute injuries due to increased visibility of mus-
cle injuries [8]. In particular, T1-weighted im-
ages are beneficial in the assessment of sub-acute
hemorrhage associated with gastrocnemius
strains [8]. MRI is also superior to ultrasound

Table 9.1 Function of growth factors involved in sub-acute healing phase

Growth factor Functions

Migration and proliferation of fibroblasts and smooth muscle cells

VEGF Growth of new blood vessels
PDGF
FGF Growth of new blood vessels

Endothelial cell migration in damaged tissues

Skeletal muscle development

TGF-f (beta)

Stimulates fibroblast chemotaxis

Enhances collagen production

Strong anti-inflammatory effect
VEGF vascular endothelial growth factor, PDGF platelet derived growth factor, FGF fibroblast growth factor, TGF

transforming growth factor
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in sensitivity regarding follow-up of healing in-
juries due to increased resolution. Repeat imag-
ing can be used to evaluate severity and the time
course of injury. MRI can be used to determine
prognosis by measuring the longitudinal length
of muscle injury, which correlates to time lost
from injury [9]. Severity of injury is determined
by the severity of intramuscular edema, hemor-
rhage, and fiber injury, which in turn will also
affect prognosis [8]. Ultrasound may be more
favorable than MRI when cost and convenience
are taken into account. Thus, ultrasound may be
preferable if repeat examinations are planned to
evaluate the ongoing healing process. Observa-
tion of remaining fluid collection may serve as
an additional prognostic determinate in overall
healing [10] (Fig. 9.2).

Gastroc

Gastroc

Soleus

Fig. 9.2 a Ultrasound image, sagittal orientation. Hema-
toma in tissue plane dissecting gastroc muscle from the
soleus muscle. b Ultrasound image, axial orientation. He-
matoma in tissue plane dissecting gastroc muscle from the
soleus muscle
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For many patients, full recovery from muscle
injury in the posterior leg may take up to several
months before returning to previous pain-free ac-
tivity level [10]. However, the sub-acute phase
of injury begins long before then, and treatment
choices can affect the extent and timing of recov-
ery. Treatments aimed at the sub-acute phase are
discussed at the end of the chapter and detailed in
other chapters in this book.

Soleus

The soleus muscle is positioned deep to the gas-
troc. In considering primary muscle injuries it
is largely ignored because until recently the so-
leus was thought rarely to get injured [11]. Sev-
eral factors contribute to neglecting this muscle.
Clinically an injury to the gastroc garnishes all
the attention due to the dramatic presentation and
frequency of occurrence, while a concomitant or
isolated soleus injury is subtle and often goes un-
noticed. Imaging studies may also underreport
soleus injuries. Ultrasonography, although an
excellent diagnostic tool, is very operator depen-
dent, and an inexperienced examiner without a
high index of suspicion may overlook an injury
to the soleus. In addition, the deeper location
of the soleus makes evaluation with ultrasound
more difficult. Finally, the soleus is made up
of predominately Type I (slow-twitch) fibers, a
muscle type not typically associated with muscle
strains. Consequently, soleus strain is thought
unlikely and not commonly considered when pa-
tients have posterior leg pain. Despite these rea-
sons for neglecting the soleus, it is an important
injury to consider in the patient with sub-acute
or chronic posterior leg pain, particularly if pro-
voked by repetitive activity.

Injuries to the soleus can occur in various
locations throughout the muscle. The two areas
most affected are the musculotendinous junction
and the myofascial junction. Musculotendinous
junction strains are more common and occur at
the distal intramuscular tendon or the proximal
medial and lateral aponeuroses. The locations of
the medial and lateral aponeuroses are just distal
to the muscle origin, on the posterior tibia and
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fibula, respectively. The two pennate structures
merge centrally to form the intramuscular central
tendon as they move distally toward the Achilles
tendon. Strains occurring away from the tendons
are considered myofascial. Primarily, this occurs
at the myofascial junction with the gastrocnemius
or at the junction of the posterior compartment of
the leg [11] (Fig. 9.3).

History and physical exam help to differenti-
ate a soleus injury from a gastrocnemius injury.
Soleus injury occurs during low-impact activity
such as walking or jogging. Frequently, a sentinel
event is lacking. Typical presentation symptoms
include: calf tightness, stiffness, and worsening
pain over the course of several days [7]. Palpita-
tion of the various aponeuroses, along with flex-
ing the knee during examination, may help illicit

more objective findings. Knee flexion eliminates
the confounding influence of the gastroc. If
deemed clinically necessary, imaging with ultra-
sound or MRI can clarify diagnostic uncertainty.
Due to the deeper location of the soleus, MRI is
considered superior to ultrasound for determin-
ing degree of injury [11].

There is a paucity of literature regarding the
treatment of soleus injury. This is likely due to
the decreased frequency of soleus injury relative
to gastrocnemius injuries and the challenges in
diagnosing soleus injuries. This injury may also
be underappreciated in current clinical prac-
tice because symptoms can often resemble that
of delayed-onset muscle soreness [11]. How-
ever, these injuries should benefit from a similar

Med Ap [ Lat Ap

: 17
L6

e

- e

CT
AT :
~ 14

Fig. 9.3 a Sagittal view facing medial aspect of calf. b
Posterior coronal view. CT Central tendon, AT Achilles
tendon, Med Ap Medial aponeurosis, Lat Ap Lateral apo-

neurosis (Common location of plantaris strain in bold).
(From [11]. Reprinted with permission from Springer Sci-
ence + Business Media)
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treatment approach used for gastrocnemius in-
jury described below.

Plantaris

The plantaris is an accessory muscle working in
conjunction with the soleus and gastrocnemius
muscles to provide a minimal amount of plan-
tar flexion of the calf. The muscle belly itself is
small, while the tendon is one of the largest in
the body [12]. The plantaris muscle is absent in
7-10% of the population [13, 14]. The plantaris
muscle originates on the superior posterior aspect
of the lateral femoral condyle, just medial to the
lateral head of the gastrocnemius. The muscle
belly of the plantaris travels from this origin, in
an inferior obliquely medial direction extending
an average 10 cm. The muscle belly then gives
way to a long slender tendon whose course ex-
tends between the medial head of the gastrocne-
mius and soleus eventually accompanying the
Achilles tendon to insert on the medial aspect of
the calcaneus.

Injuries to the plantaris are often overlooked.
Historically, prior to soft tissue imaging tech-
niques such as MRI or ultrasound, surgical ex-
ploration was necessary to prove plantaris tendon
rupture. Since imaging is not commonly per-
formed in posterior leg muscle injuries, the true
incidence of plantaris rupture is unknown. Fur-
ther impairing incidence data, clinical suspicion
of plantaris muscle injury can be delayed because
strains of the muscle may lack a sentinel traumat-
ic event. Plantaris injuries can occur in isolation
or as a component of multiple tissue traumas ac-
companying an anterior cruciate ligament (ACL)
tear, lateral compartment bone contusion, or ar-
cuate ligament injury [14].

The evaluation of plantaris injuries begins
with a thorough history. The clinician may need
to assist the patient to recall symptom onset, acute
or insidious, mechanism of injury and early clini-
cal symptoms. Like gastrocnemius injuries, the
mechanism usually combines forcibly extending
the knee on a fixed dorsiflexed ankle. This his-
tory can understandably lead to misdiagnosis of
plantaris injury as a strain to the medial head of

the gastrocnemius [15]. This may be exacerbated
by patient history that includes an inciting event
with audible “pop” sensation. The clinician may
expect the history to include pain; however, Al-
lard describes two patients whose primary com-
plaint consisted of vague muscle soreness and a
cramping sensation [16]. Likewise, in the right
clinical setting a differential diagnosis must also
consider DVT.

Physical examination for a suspected plantaris
rupture is frustratingly nonspecific. Pertinent
physical findings consist of swelling in the poste-
rior medial upper calf. This is in distinction to the
medial head gastroc tear that usually occurs at the
myotendinous junction. A tender, palpable mass
can sometimes be appreciated just below the
popliteal fossa. Visible hemorrhage may or may
not be present. Full range of motion at the ankle
and knee are possible. A false positive Homans’
sign for DVT is also possible [16].

Imaging is not usually necessary or indicat-
ed to confirm a plantaris muscle or tendon tear.
However, imaging is indicated for diagnostic
clarification when DVT or neoplasm is consid-
ered. Characteristics of plantaris tear on MRI in-
clude a fluid presence interspersed between the
gastroc and soleus [16]. This is in distinction to
intramuscular edema seen with gastroc or soleus
muscle strain. Although a concomitant gastroc
strain is possible, an isointense gastroc and so-
leus muscles is typical, thereby assisting to dif-
ferentiate this mass from neoplasm. A retracted
muscle belly is seen with complete ruptures at the
myotendinous junction.

MRI or ultrasonography is the modality of
choice for imaging. The plantaris tendon is an
avascular structure, so imaging displays an isoin-
tense mass between the gastrocnemius and soleus
muscles [14, 16].

Ultrasonography provides a less costly al-
ternative to MRI for assessment of plantaris in-
juries. Advancements in ultrasound have led to
greatly improved resolution. Interpretation and
assessment is operator dependent. Fluid collec-
tions between the gastroc and soleus are easily
appreciated by ultrasound. Ultrasonography also
offers the opportunity to simultaneously assess
the leg for DVT.
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Table 9.2 Comparison of posterior lower limb muscular injuries
Plantaris tendon tear Soleus injury Gastrocnemius strain
History  Acute popping (+/—) Ache Explosive activity
Insidious soreness, swelling, cramping ~ Worsening pain over days Progressive swelling, pain
Calf tightness, stiffness
Physical Associated knee pathology Medial, lateral, or distal calf pain =~ Medial calf tenderness
Imaging US or MRI MRI preferred, US US or MRI

US ultrasound, MR/ magnetic resonance imaging

Treatment for plantaris injury is conservative.
Management will be similar to gastrocnemius
strain, often because the clinician is not initially
thinking of possible injury to the plantaris mus-
cle. Rest, ice, and nonsteroidal anti-inflammatory
drugs (NSAIDs) are the modalities recommend-
ed. There has not been documented treatment
with other therapeutic measures; however, those
listed below may have benefits. Surgery is not
necessary for confirmation of injury or treatment
[16]. Although, surgery performed for diagnostic
clarification has been done [15] (Table 9.2).

Severe/Prolonged or Delayed
Recovery of Muscle Injuries in the
Posterior Leg

Resolution of injuries to the posterior lower leg
musculature depends on several factors. Most
notably, the severity of muscle strain may dictate
a prolonged course toward recovery. Strains are
typically graded I-1II to outline severity. Grade I
strains involve partial muscle tears with no iden-
tifiable loss of muscle integrity. Grade II strains
involve anywhere from 10 to 50% muscle dis-
ruption, while grade III muscle strains involve
at least 50% loss of muscle integrity [17]. These
more severe injuries in turn require a prolonged
rehabilitative process and healing time. A variety
of factors (premature return to play, poor treat-
ment protocol, and delay in injury detection) may
prolong healing and result in maladaptive resto-
ration and chronic injury. This in turn increases
scar tissue formation and tissue disorganiza-
tion altering muscle function. Consequently, the
muscle becomes dysfunctional and a source of
chronic pain.

In severe strains, patients may require a period
of non-weight bearing and immobilization until

the muscle heals enough to tolerate ambulation.
However, injuries that have reached the chronic
phase are usually unresponsive to rest and will
exhibit pain and weakness that limit function on
resumption of activity. Therefore, treatments em-
phasizing restoration of structure and function
are generally recommended for chronic strains.
Eccentric exercises may be beneficial as they
promote strengthening of passive tissue elements
and have proven useful in chronic muscle ten-
dinopathy [18]. Other treatments such as plate-
let-rich plasma (PRP) may provide chemokines
and growth factors at a cellular level to create a
local milieu to promote healing. Proprioceptive
exercises along with biomechanical correction
may help reduce symptoms and prevent or delay
injury recurrence. Soft tissue mobilization and
manual therapy techniques may reduce tissue ad-
hesions, improve tissue organization, and stimu-
late a local healing response [19, 20].

Calcific Gastrocnemius Tendonitis

Calcific tendonitis has been observed as a cause
of chronic posterior leg pain in few case reports
dating back as early as 1981. This condition is
primarily observed in the elderly. While calcium
pyrophosphate dihydrate (CPPD) crystals are a
relatively common finding in the gastrocnemius
(incidence as high as 32% in patients with av-
erage age of 72), associated tendonitis is a rare
cause of chronic pain [21]. In the case reports,
the condition affected elderly women and symp-
toms included posterior knee pain with decreased
knee flexion. Initial workup included plain radio-
graphs followed by computed tomography (CT)
and/or MRI. Patients responded to treatments in-
cluding repeated local corticosteroid injection or
surgical decompression after failed conservative
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management [21]. Newer minimally invasive
techniques such as ultrasound-guided tenotomy
may prove beneficial but as yet are unsubstanti-
ated in the literature.

Chronic Exertional Compartment
Syndrome

The lower extremity is comprised of four com-
partments including the anterior, lateral, superfi-
cial posterior, and deep posterior compartments.
The gastrocnemius, soleus, and sural nerve make
up the superficial posterior compartment. The
deep posterior is made up of the flexor hallucis
longus, flexor digitorum, tibialis posterior, pos-
terior tibial nerve, and posterior tibial artery and
vein. The deep posterior compartment is the most
common cause of posterior compartment syn-
drome making up 45% of all chronic exertional
compartment syndrome (CECS) in the poste-
rior lower extremity [22]. CECS occurs when
increasing physical activity results in elevated
intra-compartment pressures causing reduced
regional blood flow to affected muscles. Poor
flow in turn causes symptoms of ischemia, which
include pain, paresthesias, cramping, and weak-
ness. This condition is commonly seen in athletes
(especially runners) under the age of 30 years af-
fecting both males and females equally.
Diagnosis of CECS is made after thorough
history and physical exam along with confir-
matory testing. Complaints typically consist of
recurrent reproducible pain with sustained exer-
cise. This is the threshold at which blood flow
becomes compromised due to muscle expansion
during activity. After adequate rest the symptoms
typically resolve. Confirmatory testing can be
done by measuring intracompartmental pres-
sure. Objective measures of CECS include a
1-min postexercise pressure greater than or equal
to 30 mmHg and a 5-min postexercise pressure
greater than or equal to 20 mmHg [23]. Other
diagnostic techniques are investigational and
include use of MRI or near-infrared spectros-
copy (NIRS) [24]. Postexercise MRI may show
increased signal on T2 images. NIRS measures
oxygen saturation of hemoglobin in deep tissues

to demonstrate relative change in blood flow dur-
ing activity versus rest [24].

Management of CECS includes both nonsur-
gical and surgical approaches. More conservative
measures include activity cessation, reduction,
or modification of gait, NSAIDs, stretching, or
alternative activities. If there is no improvement
after 6-12 weeks, surgical intervention should be
considered. Surgical methods include subcutane-
ous fasciotomy. While surgery is more invasive,
it remains the mainstay for long-term benefits.
Risks of surgery include infection, hematoma,
DVT, or peripheral nerve injury. Details of surgi-
cal evaluation and management can be found in
Chap. 10.

Sural Nerve Entrapment

The sural nerve is a collateral branch of the tib-
ial nerve which provides sensory function to the
posterior lower leg. It traverses between the two
heads of the gastrocnemius muscle before cours-
ing through a fibrous arcade to the distal super-
ficial lateral leg [25]. Entrapment of the sural
nerve can result in chronic calf pain which is
exacerbated by increasing physical activity [25].
Often symptoms can be confused with musculo-
tendinous injury or vascular problems resulting
in a delay in appropriate diagnosis and treatment.

The epidemiologic make up of people at risk
for this condition include males between the ages
of 30 and 60 years. Other risk factors include run-
ning and racquet sports; however, the condition
has been seen in less-dangerous sports such as
cycling and roller skating as well. The patient
will report a history of chronic pain in the pos-
terior aspect of the leg with exacerbation during
activity. The pain may also radiate proximally or
distally with exacerbation. Tenderness to palpa-
tion may be noted distal to the fibrous arcade
in the area of the myotendinous junction of the
Achilles tendon. Electrodiagnostic testing may
aid diagnosis.

Treatment considerations include both op-
erative and nonoperative therapy. Nonoperative
measures which may include NSAIDs, thera-
peutic massage, and a stretching regimen have
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not demonstrated significant long-term benefits.
Surgical intervention includes neurolysis and re-
section of the fibrous arcade. This may result in
return to previous activity around 8 weeks with
moderate pain relief [25].

Chronic Conditions (Table 9.3)

Therapeutic Options

Common therapeutic options available for pa-
tients presenting with sub-acute and chronic
posterior leg strains include medications, manual
therapies, and physical therapy modalities. These
approaches are designed to reduce pain, improve
function, hasten recovery, and reduce the chance
of recurrence. A detailed discussion of specific
rehabilitation strategies can be found in Chap. 11.
Although common treatment strategies for poste-
rior leg strains are discussed below, the interested
reader is referred to Chap. 13 for additional in-
formation on complementary medical treatments.

Medications are used to treat pain and inflam-
mation during the acute phase of injury; however,
they are also used through the early stages of sub-
acute injury for added pain reduction. The mech-
anism of action involves nonselective cyclooxy-
genase inhibition. This, in turn, prevents the for-
mation of prostaglandins from arachidonic acid

[26-28]. NSAIDs have been studied and shown
to decrease pain without having any adverse ef-
fect on recovery in terms of muscle fiber strength
[28, 29]. While there have been many studies
involving NSAID use, there is still discrepan-
cy about the benefits and adverse effects when
used as a treatment for soft tissue injury such as
muscle strain. In the short term, NSAIDs have
provided analgesia and improvements in muscle
healing and function. However, in the long term,
they have shown no benefits or even detrimental
effects to the healing process [27, 30]. It is im-
portant to exercise caution or avoid NSAIDs use
in patients who have a history of gastritis, gastro-
esophageal reflux disease (GERD), or intestinal
ulcers.

Another important consideration when eval-
uating use of NSAIDs includes dosage of the
medication. Over-the-counter NSAID doses pro-
vide analgesic and antipyretic effects. In order to
achieve anti-inflammatory effects, the dose gen-
erally needs to be doubled [30]. Overall, NSAIDs
should not be recommended in sub-acute and
chronic injuries as they provide little benefit
outside of the acute inflammatory phase. A bet-
ter alternative in order to continue treating pain
is acetaminophen. This medication has compa-
rable analgesic efficacy to NSAIDs without the
adverse effects associated with NSAID use [28].

Empirical use of corticosteroids is also a treat-
ment for muscle strains. The risks and benefits of

Table 9.3 Differential diagnosis for chronic posterior leg pain

Diagnosis Key features
Medial tibial stress syndrome
Popliteal artery entrapment
claudication
Sural nerve entrapment
with activity
Deep vein thrombosis

Chronic exertional compartment
syndrome
females (<30 y/o0)
Nerve root impingement
back pain
Chronic muscle strain
ing injury

Pain over posteromedial tibia
Young men (<40 y/0), intermittent

Paresthesia, sensory changes worse
Pain after prolonged period of immo-
bility, recent travel

Recurrent, reproducible pain after
period of activity, young males and

Radicular signs or symptoms, lower

Continued pain or disability follow-

Imaging studies
MRI, bone scan
Arteriogram
EMG

Duplex ultrasound

Compartment pressure testing, MRI,
NIRS

MRI

Ultrasound

y/o years old, MRI magnetic resonance imaging, N/RS near-infrared spectroscopy, EMG electromyography
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corticosteroid medications for sub-acute muscle
strains is the topic of considerable debate. Corti-
costeroids are most commonly used to treat mus-
cle injury by injecting the medication directly
into the primary injury site. The patient should
be apprised of the risks of such injections and the
minimal amount of literature evidence of benefit
to support the risk. Since a primary mechanism
of action includes collagen inhibition, there is at
least a theoretical risk of tendon rupture. This risk
has not been studied in large-scale randomized
controlled trials. Case studies are the best evi-
dence for this risk [31, 32]. There are numerous
variables that may contribute to a postinjection
tendon failure (i.e., incomplete recovery from
the primary injury, rapid escalation to risky ac-
tivities, age, and random tendon failure), thus,
clearly identifying the contribution of corticoste-
roid injection to the tendon failure is challenging.
Other less concerning adverse effects include
subcutaneous fat necrosis and skin depigmenta-
tion. Typically, systemic adverse effects do not
occur with injections [33]. However, repeated in-
jections may have adverse systemic effects. This
is due to a portion of the injected corticosteroid
becoming systemically absorbed. This can lead
to adrenal suppression and osteoblastic activity
depression [31]. Anaphylaxis is also a theoreti-
cal concern but has not been well documented in
literature [31].

The more common corticosteroids used for
injection include triamcinolone and dexametha-
sone. This is, in part, due to their potency. When
compared to hydrocortisone, triamcinolone has
five times the anti-inflammatory activity, while
dexamethasone has 25 times more anti-inflam-
matory activity [33]. Short-term use of local cor-
ticosteroid injection has demonstrated good re-
sults in sub-acute cases that have not responded
well to initial conservative management [34]. To
date, there have not been extensive studies which
demonstrate the appropriate dose or treatment to
maximize benefit without having deleterious ef-
fects (Table 9.4).

Medications can also be delivered in conjunc-
tion with therapeutic modality by phonophoresis
and iontophoresis. Both interventions allow for
medication to be topically administered directly

Table 9.4 Corticosteroid potency

Medication Relative potency
Dexamethasone 25
Triamcinolone 5
Hydrocortisone

over the injured structure. In the case of phono-
phoresis, medication in gel form is transferred
through use of the pulsatile waves of therapeutic
ultrasound. Phonophoresis using gel-Dimethyl-
sulfoxide (DMSO) has been shown to improve
muscle healing when compared to pulsatile ul-
trasound alone or gel-DMSO administration
alone [35]. The method is through decrease of
pro-inflammatory cells [36]. A hypothesis for the
mechanism of action for phonophoresis is that
the mechanical stimulus provided by ultrasound
wave results in activation of signal transduction
pathways that are involved in muscle repair [35].
Medication is also administered topically through
use of iontophoresis. This process takes advan-
tage of the polarity of a medication, which is then
electrically charged to allow penetration into the
surface of the target muscle. Dexamethasone has
commonly been used as the medication of choice
for iontophoresis [37]. Some advantages of ion-
tophoresis and phonophoresis include enhanced
depth of penetration of medication, less pain, less
risk of systemic effects, and skin remains intact,
which helps lower risk of infection. Adverse ef-
fects are minimal and include tingling, skin irri-
tation, and thermal injury [38]. A primary limita-
tion of this technique is that the stratum corneum
layer of the skin must be intact for effective pen-
etration of medication [38].

More recently, treatment emphasis has been
placed on providing growth factors to assist in
muscle regeneration. Some of these growth fac-
tors include transforming growth factor (TGF-f1
[beta-1]) and FGF as well as multiple cytokines
[39, 40]. These specific treatments are aimed di-
rectly at expediting the sub-acute phase of injury.
The most common application of this method is
known as PRP therapy. Other variations for this
approach include application of platelet-rich fi-
brin, fibrin sealant, platelet concentrate, and
platelet-rich fibrin matrix [41]. PRP originated in
the surgical setting where it was used to promote
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postoperative tissue healing. While fibrin-like
substances were first being used as early as 1970,
it was not until 1987 that the term PRP came in
to favor. The current theory behind PRP is that
platelets contain several growth factors neces-
sary in the regeneration process following injury.
PRP is obtained from autologous blood then pre-
pared using extracorporeal techniques to increase
platelet concentration prior to being injected into
the area of tissue damage [41]. In addition to in-
creased speed of recovery, PRP is also thought
to enhance the quality of tissue repair [42]. In
animal studies, PRP has been shown to improve
time of recovery for repetitive muscle injuries.
However, there was no proven benefit with single
lengthening (eccentric) contraction injury model
[42]. In addition to animal studies, there have
been several studies done on PRP in humans;
however, the quality of evidence is limited due to
preponderance of studies that were non-blinded
and had no long-term follow-up [40]. While the
concepts behind PRP are promising, significant
questions remain regarding both the overall ef-
fectiveness and specific application of this treat-
ment. This is, in part, due to the lack of standard-
ization behind the method. Currently, there are no
definitive protocols for the amount, consistency,
or methods of PRP use [41]. To date, there have
been no randomized trials that have studied PRP
injections for the purposes of muscle healing
[43]. While PRP appears promising, there is still
potential for adverse effects. Although a theoreti-
cal concern regarding PRP includes a systemic
increase in growth factors, which could lead to
neoplastic outcomes, there is no current data to
support this notion [40, 44]. There is also no data
regarding long-term adverse effects.

It should be noted that at the elite level, a re-
view of current guidelines regarding anti-doping
should take place prior to PRP treatment. In 2010,
the World Anti-Doping Agency (WADA) banned
intramuscular PRP injections; however, intra-
articular and intra- or peri-tendinous use was
permitted if clearly documented [41]. Also, use
of individual growth factors including insulin-
like growth factor 1 (IGF-1), vascular endothe-
lial growth factor (VEGF), and platelet-derived
growth factor (PDGF) are specifically banned by

WADA. The lack of uniformity regarding PRP
products potentially increases the compliance
risk for elite athletes and should be taken into
account when considering use of this treatment
option.

Therapeutic interventions that do not involve
pharmacotherapy include Kinesio taping, com-
pression sleeves/stockings, and heel lifts or other
biomechanical correction. Kinesio taping is a
therapeutic method involving a specific style of
tape that has been used as a supplemental treat-
ment for various musculoskeletal injuries. A
proposed mechanism of Kinesio tape is related
to the mechanical elevation of the skin from
the underlying fascia. This process is thought
to allow for increased blood flow, oxygenation,
and lymphatic flow to the tissue. The end result
is decreased inflammation and improved muscle
function. This may facilitate improved healing
and quicker return to activity following sub-acute
injury. While this theory appears promising, there
is little evidence to support these claims. The
most recent research assessing oxygenation and
increased blood flow did not demonstrate any
benefit from Kinesio taping [45]. However, this
study was only performed on healthy individu-
als. While there is limited evidence-based data
to demonstrate its effectiveness, Kinesio taping
continues to be widely used for musculoskeletal
injuries.

Compression sleeves are thought to increase
the muscle pump effect of the calf muscle. This,
in turn, allows for increased blood flow and oxy-
genation to allow for better muscle function and
improved healing potential [46]. Compression
may also help decrease pain and swelling in-
volved in acute muscle strain injuries [10]. In the
sub-acute phase of healing, compression sleeves
assist in early activity. During activity, compres-
sion sleeves increase tissue perfusion and oxy-
genation; however, the duration of this effect is
unknown [47]. Compression sleeves are also
used in chronic injuries to reduce the chance of
recurrence and improve ease of activity.

Heel lifts are therapeutic devices that provide
a mechanical change to normal gait. The lift acts
as a support that increases plantar flexion and,
in turn, shortens the length of the gastrocnemius
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muscle. This decreases tension on the gastroc-
nemius, which may facilitate pain modification
and allow for a more timely recovery. One study
demonstrated that heel lifts between 1.9 and
5.7 cm decreased gastrocnemius muscle activity
in normal ground-level walking in men [48]. This
benefit may be minimal in women who regularly
wear high-heeled shoes [48]. There are no cur-
rent recommendations on the adequate height of
heel lifts or the duration for which a lift should be
used. It should be noted that if a chronic heel lift
is used it may predispose the patient to equinus
type contractures and associated problems.
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Surgical Treatment of
Posterior Leg Injuries

Zachary C. Leonard

Introduction

Muscular injuries to the posterior leg are fairly
common. These injuries are often subtle and re-
quire a thorough history and physical exam to
properly diagnose. Acute injuries to the Achil-
les tendon can present in a similar fashion and
are often the focus of clinical concern during
the evaluation of posterior leg injuries. As such,
many muscular injuries are often misdiagnosed
as an Achilles tendon injury. The examiner must
keep a high index of suspicion to delineate mus-
cular injuries from Achilles tendon injury. Prior
to deciding which injuries will require surgical
intervention, the examiner must completely eval-
uate the injury and the resulting loss of function.
The evaluation begins with a complete history,
which includes age, past medical history includ-
ing medications, previous injuries, and most im-
portantly mechanism of injury.

Mechanism of injury is crucial, as the exam-
iner can understand the position of the limb and
direction of force, thus localizing which muscles
would be at risk of injury. Understanding wheth-
er the injury was a noncontact, contact, or crush-
style mechanism along with knowing the amount
of energy (high or low) can help determine se-
verity, the risk for complications, and subsequent
treatment. Timing of injury and presentation is
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also critical. Many of these injuries can initially
look benign, but progressive inflammation and
swelling can lead to acute compartment syn-
drome.

Physical exam is fundamental in the diagno-
sis of these injuries and requires a thorough un-
derstanding of the anatomy (Fig. 10.1). A good
physical examination begins with inspection.
The examiner should look at the limb evaluating
the skin for any compromise as well as swelling,
bruising, redness, or deformity. Palpation of the
limb aids in further localizing the area of injury
as well as evaluating the fullness of the compart-
ment. Thoroughly strength testing each muscu-
lotendinous unit in the injured area will facilitate
isolation of the affected muscle.

Radiography is rarely helpful in the diagnosis
of muscular injuries but can rule out concomitant
fractures, deformity, and complications such as
myositis ossificans. Advanced imaging, however,
can provide valuable information in the diagno-
sis of muscular injuries. Ultrasound can be used
to confirm muscular strains or ruptures, but is
operator dependent. Magnetic resonant imaging
(MRI) can be a useful adjunct to the history and
exam, especially if the diagnosis is in question
or surgical intervention is being contemplated.
MRI gives detailed anatomical information that
can confirm the injury and help with preoperative
planning. For example, the amount of retraction
present in cases of muscle ruptures can be mea-
sured on MRI. Fascial defects can also be local-
ized on MRI.

m
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Fig. 10.1 Compartment illustration. These cross sections
at mid-calf level show the four compartments of the leg
and their contents. Specifically, the superficial posterior
(SP) and deep posterior (DP) compartments. The SP com-
partment contains the gastrocnemius, plantaris, soleus,
and sural nerve. The DP contains the posterior tibial,
flexor halluces longus, flexor digitorum longus musculo-
tendinous units along with the tibial nerve, posterior tibial
artery and vein

After a complete history and physical exam
has been obtained and the muscular injury has
been defined with or without the addition of ad-
vanced imaging, the examiner must go through
a systematic process to determine optimal treat-
ment. First and foremost, the examiner must strat-
ify the patient’s risk of compartment syndrome.
If acute compartment syndrome is identified, im-
mediate surgical intervention is warranted. It is
important to remember that although a patient’s

exam can initially be benign, compartment syn-
drome can develop hours or days after an injury
and patients should be appropriately counseled
about this risk [1]. The specifics of compartment
syndrome evaluation and treatment are detailed
later in this chapter.

In the absence of acute compartment syn-
drome, most posterior leg muscle injuries can be
treated conservatively. Occasionally, surgical in-
tervention is indicated. This determination must
be tailored on a patient-by-patient basis. Perti-
nent considerations include the type of injury,
level of disability and loss of function from the
injury, patient’s age and activity level, and any
other medical comorbidity that could affect out-
come.

Gastrocnemius Injury

Gastrocnemius injuries are the most common of
all posterior leg injuries. A strain of the medial
head of the gastrocnemius is referred to as “ten-
nis leg.” In addition, the gastrocnemius is the
most superficial therefore most likely to sustain
a contact injury resulting in a muscle contusion.
Contracture of the gastrocnemius is fairly com-
mon in the general population further putting this
muscle at risk of strain or rupture.

Conservative treatment is the mainstay of gas-
trocnemius muscular injuries. Rarely, a complete
rupture at the musculotendinous junction may re-
quire surgical repair. This would be diagnosed by
marked weakness on plantar flexion with a bulge
over the proximal muscle belly from retraction,
similar to the commonly observed “Popeye”
deformity resulting from proximal retraction of
the biceps brachii muscle. Operative indications
would include complete muscle rupture with in-
ability to plantarflex through the ankle or a large
partial tear resulting in intolerable weakness to
the patient.

Surgical repair of a ruptured gastrocnemius
can be approached in two patient positions:
prone or lateral on a beanbag with operative side
down. This is surgeon preference; however, each
approach has its advantages. The prone position
allows a direct posterior approach that can be
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extended to allow full visualization of the proxi-
mal and distal ends of the rupture. It also allows
inline traction to be placed on the proximal end
of the rupture to regain length if retraction did
not allow direct tension free repair. Disadvantage
of the posterior approach is a directly posterior
positioned scar can be symptomatic to the pa-
tient. Also, the sural nerve can be injured during
a posterior approach as it often crosses the opera-
tive field. The surgeon must identify and protect
this neurovascular structure. Additionally, in very
rare circumstances, the prone position can lead to
blindness due to an increase in intra-orbital pres-
sure. Although this risk is typically associated
with extensive spine surgery, it is a devastating
complication and should be a consideration dur-
ing surgical planning. The lateral position with
the operative side down allows a more minimally
invasive technique to be used with a medial po-
sitioned incision. This type of incision allows the
surgeon to more easily identify and protect the
sural nerve reducing the risk of nerve injury. This
positioning also avoids the risk of blindness. An-
other advantage of the lateral position is place-
ment of a scar on the medial side of the calf is
often more cosmetically appealing and less both-
ersome for the patient.

Regardless of the approach used, the elements
of the surgery remain the same. First, a skin in-
cision is made longitudinally of adequate length
to have access to the proximal and distal ends
of the rupture. Often, a 5-8 cm incision is suit-
able for this purpose. The dissection continues
through the subcutaneous fat tissue being careful
to coagulate any crossing venous bleeders to pre-
vent postoperative hematoma formation. Next,
the crural fascia is incised in line with the skin
incision. This exposes the superficial posterior
compartment. The most superficial structure is
the gastrocnemius. In the setting of a recent in-
jury, a hematoma will be noted upon entering the
superficial posterior compartment. Once the tear
is identified, the hematoma and any interposed
fibrous tissue must be debrided, so that direct ap-
position of viable muscle can take place. Depend-
ing on the strength of the tissue, #2 or 2.0 fiber-
wire suture may be used to sew the ruptured ends
to each other. A locking suture stitch technique

(Krackow or Kessler stitch) will strengthen
purchase in muscle tissue and help prevent pull
through (Fig. 10.2). Additionally, the ankle may
need to be placed into plantar flexion, relaxing
the gastrocnemius, thus taking tension off of the
repair. Knee flexion can also aid reducing tension
on the repair as the gastrocnemius origin is on the
femur. The patient should also be given muscle
relaxation from the anesthesia team. The surgeon
should be aware of the tension of the repair as
well as the position of the ankle and knee at the
time of the repair, which becomes important in
postoperative splinting and rehabilitation pro-
tocol. After an adequate repair has apposed the
ruptured ends of the muscle, the surgical wound
closure should be done in layers. The crural fas-
cia should be repaired with an absorbable vicryl
suture (usually 3-0) to prevent any postoperative
muscle herniation through the defect. The skin
should then be apposed in a tension-free manner;
an absorbable monocryl suture can be used for
a cosmetic closure that does not require suture
removal.

After closure, a splint should be placed with
the ankle in a position of tension-free plantar
flexion as determined intraoperatively. The splint
is usually only below the knee, however, it may
be extended above the knee if needed for the re-
pair to remain tension free. The splint remains
in place for 2 weeks, and then it is removed for
inspection of the incision and transition to par-
tial weight bearing in a cam walker. Often, a
heel lift is used to keep the ankle in equinus and
reduce the tension on the repair. The height of
the heel lift is determined by the surgeon, tak-
ing the amount of tension on the repair in mind.
At 4-6 weeks post-op, gentle range of motion is
begun under the guidance of a physical therapist.
At 8—10 weeks, strengthening activities are ad-
vanced. Return to play is sports specific but usu-
ally occurs by 4-6 months.

Soleus Injury

Isolated soleus muscle ruptures appear to be un-
common and have been infrequently described
in the literature. Indications for operative repair
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Fig. 10.2 Krackow stitch

would be rare but include marked weakness on
plantar flexion and disability after appropriate
conservative treatment. Rest, ice, compression,
and elevation along with cam boot or short leg
walking cast immobilization for comfort are the
treatments of choice until the pain and disability
dissipate. If symptoms persist, physical therapy
should be employed to focus on range of motion
and strengthening. If over 6 months to 1 year
of disability persist after appropriate treatment,
surgical treatment may be considered. Similar
techniques as described above for gastrocnemius
ruptures are used. Pertinent differences do exist,

however. The soleus muscle is the deep layer of
the superficial posterior compartment of the leg.
It lies underneath the gastrocnemius and originat-
ed on the posterior surface of the tibia, fibula, and
interosseous membrane. It, therefore, does not
cross the knee joint as the gastrocnemius does.
It may be approached from a posterior or lateral
approach. If approached posteriorly, the gastroc-
nemius tendon will need to be split to gain access
to the soleus. Repair should be done in a similar
fashion as described above for the gastrocnemius
muscle. Patients’ postoperative course should
also be followed as above.
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Plantaris Injury

The plantaris is often considered a vestigial mus-
cle. It lies in the superficial posterior compart-
ment of the leg and may have a limited role in
augmenting plantar flexion at the ankle. Given
its limited function, minimal long-term disability
occurs when it is ruptured. This fact makes the
plantaris a good donor tendon to augment local
surgical repairs (most often the Achilles tendon).
Treatment of plantaris injuries is conservative
and should follow a similar approach as outline
for soleus muscle injury.

Tibialis Posterior Injury

The tibialis posterior is the dynamic support to
hold the height of the medial longitudinal arch.
Lengthening of this musculotendinous unit can
lead to pes planovalgus deformity (acquired flat-
foot). Muscular tears or ruptures are infrequent as
the majority of injury occurs more distally along
the tendon near its insertion on the navicular.
There are no reports in the literature of posterior
tibialis rupture at the muscle level. All reported
cases are tendon ruptures more distally. However,
if a complete rupture did occur and weakness on
plantar flexion and inversion through the ankle
resulted, operative repair should be considered.
A repair would not only improve residual weak-
ness but would also prevent an acquired flatfoot
deformity from forming due to loss of dynamic
support of the posterior tibialis.

Surgical approach to the posterior tibialis can
be done prone or in the lateral decubitus position
with the operative side down allowing exposure
to the medial aspect of the distal leg. Regardless
of the position chosen, a posteromedial approach
to the distal leg just proximal to the ankle should
be employed. An 8-10 cm incision on the pos-
terior medial crest of the tibia should be made.
The crural fascia is split longitudinally and may
be reflected posteriorly allowing entrance into
the deep posterior compartment. Care should be
taken not to dissect posterior to this region, as the
neurovascular bundle lies just posterior to this
area. Do not forget that posterior to the medial
malleolus the order of structures from anterior to

posterior goes tibialis posterior, flexor digitorum
longus (FDL), tibial artery, nerve and vein, then
the flexor hallucis longus (FHL; the mnemonic
Tom, Dick, and, Harry helps in remembering
the order of these structures). Once the muscle
belly of the posterior tibialis is identified, the in-
terposed hematoma and fibrous tissue should be
debrided. Nonabsorbable suture such as #2 or 2-0
fiberwire can be used for the repair in a similar
fashion as described for repair of the gastrocne-
mius. The split in the crural fascia should be re-
paired with an absorbable vicryl suture to prevent
muscle herniation through the fascial defect. Skin
closure should be done with a 3-0 nylon suture
in simple or horizontal mattress configuration. A
below knee splint should then be placed with the
ankle in slight plantar flexion and inversion to
take stress off the repair. At 2 weeks, the patient
may be transitioned to partial weight bearing in
a cam walker with the ankle maintained in slight
plantar flexion and inversion. At 4-6 weeks, gen-
tle range of motion exercises can be employed
under physical therapy guidance. Strengthening
may begin at 810 weeks, with return to sport at
4-6 months.

Flexor Digitorum Longus Injury

The FDL is responsible for flexion at the distal
interphalangeal joint in the lesser toes. It has ten-
dinous slip interconnections with the FHL in the
plantar aspect of the foot. Additionally, the flexor
hallucis brevis assists lesser-toe flexion at the
proximal IP joint as well as the MTP joint. There-
fore, ruptures of the FDL can be compensated for
by the patient through FHL and flexor digitorum
brevis (FDB) function and rarely leads to severe
disability. There are no reports in the literature of
isolated FDL rupture or results of FDL muscle
repairs. Theoretically, if substantial weakness did
result from a FDL muscle rupture, surgical repair
could be considered. A similar approach to the re-
pair of the posterior tibialis should be employed.
Again, it is paramount not to injure the neuro-
vascular bundle that sits directly posterior to the
FDL in the retromalleolar region. Splinting and
postoperative rehab should follow as described
above for posterior tibialis repair.
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Flexor Hallucis Longus Injury

The FHL is the main flexor of the big toe at the
interphalangeal joint. This musculotendinous
unit can be injured from a hyperdorsiflexion
force. There are a couple of reports of injury at
the musculotendinous region of the FHL. The
majority of these injuries are treated conserva-
tively, especially acutely. If an unacceptable loss
of toe flexion or substantial weakness resulted
after FHL muscle tear or rupture, then operative
repair may be considered. Again, a prone posi-
tion or lateral decubitus position with the opera-
tive side down would both be appropriate. A pos-
terior medial approach through an 8§—10 cm inci-
sion centered midway between the lateral malle-
olus and the Achilles tendon should be used. The
crural fascia should be incised in line with the
skin incision and the Achilles tendon should be
retracted posteriorly and laterally. Once the deep
posterior compartment is incised longitudinally,
the muscle belly of the FHL can be identified.
Again, dissection medial to the FHL should be
avoided to prevent injury to the posterior neu-
rovascular bundle. The interposed fibrous clot
should be debrided and a nonabsorbable suture
should be used for repair. The ankle and hallux
may be flexed to help appose the proximal and
distal ends of the rupture. Postoperative splinting
should also be done in this position to limit ten-
sion on the repair. A similar postoperative course
should be followed as for the tibialis posterior
and FDL repairs described above.

Posterior Compartment Syndrome

Posterior compartment syndrome is a dreaded
complication that can arise from any muscle
injury to the posterior leg. The fascial compart-
ments posteriorly (both superficial and deep)
have a confined space and cannot tolerate sub-
stantial swelling. Increased pressure can lead to
compression of the neurovascular structures as
well as compression of the muscle leading to
necrosis [2]. The diagnosis can either be made
by clinically or quantitatively by doing com-
partment pressure testing. Clinical diagnosis is

based on the physical exam taking into account
the clinical picture. The classic “5 P’s” of com-
partment syndrome should be evaluated. These
include pain, pallor, paresthesias, paralysis, and
pulselessness. On physical exam, swelling and
firmness on palpation is noted. Pain with passive
range of motion of the toes is often present. Also,
pain out of proportion and pain not responsive to
medications are worrisome signs of an impend-
ing compartment syndrome. Pallor, paresthesias,
paralysis, and pulselessness are all late findings.
If the physical exam is inconclusive, compart-
ment pressure monitoring may be used to objec-
tively decide treatment. In general, compartment
pressures above 35 mmHg or within 30 mmHg
of the diastolic blood pressure indicates compart-
ment syndrome [1].

Once the diagnosis of acute compartment syn-
drome has been made, compartment fasciotomy
becomes a surgical emergency. A compartment
fasciotomy relieves compression on the mus-
cle and neurovascular structures. As discussed
above, the posterior leg is made of posterior and
deep compartments. Fasciotomy of both compart-
ments is recommended if a posterior compart-
ment syndrome is present. Patient positioning is
not critical, as fasciotomy may be done in supine,
lateral, or prone positions. An open approach is
the gold standard treatment. An arthroscopic as-
sisted technique can also be used to allow a more
minimally invasive approach. With this, smaller
incisions can be used. It should be noted regard-
less of the approach, the same neurovascular
structures must be avoided. For a standard open
approach, posterior medially based incision al-
lows easy release of the compartments. Typically
an 8—10 cm longitudinal incision just posterior to
the posterior diaphysis of the tibia is made cen-
tered 10 cm proximal to the medial malleolus. The
saphenous nerve and vein are at risk and should
be identified and bluntly retracted in the superfi-
cial layer. The crural fascia is then identified and
splint longitudinally. Blunt release of the crural
fascia should be done proximally and distally as
far as possible allowing complete release of the
superficial compartment and to prevent postop-
erative muscle herniation through a small fascial
defect. The posterior tibial tendon and muscle is
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identified and retracted bluntly posteriorly. This
allows visualization of the deep posterior com-
partment fascia. This deep compartment fascia is
split longitudinally both proximally and distally
exposing the deep posterior compartment muscu-
lature. The muscle most easily visualized will be
the FDL on the posterior aspect of the tibial. At
this point, the compartments are completely de-
compressed. For documentation purposes, com-
partment pressure testing may be done again at
this point. A thorough evaluation should be done
of the compartments. Viability of the muscle can
be determined by color, consistency, contractibil-
ity, and capacity to bleed. Any non-viable tissue
should be debrided [3]. Nonviable tissue often
takes on a grayish hue, becomes easily friable,
loses its ability to contract, and does not bleed. If
the viability of the tissue is uncertain, leave it and
reevaluate on repeat washout in 48—72 h to allow
the tissue to demarcate [4, 5].

At this point, the entire wound should be copi-
ously irrigated to clean it of any contaminates.
The fasciotomy should be left open so the com-
partments remain decompressed. The only clo-
sure required is skin. Vicryl suture can be used to
close the subcutaneous and fat layer of skin. Sta-
ples or nylon suture should then be used to close
the skin. If the tension on the tissues does not
allow a tension-free closure, a wound vac may be
employed. Often after the wound vac is in place
for 48-72 h, the skin may be closed. However,
if closure is still not possible, definitive closure
with skin grafting should be done within 10 days
to 2 weeks.

The most important component of compart-
ment syndrome is early detection and treatment.
The physician must keep a high index of sus-
picion and repeat examinations are critical. If
caught early, the detrimental effects of this seri-
ous complication can be averted.

Chronic Compartment Syndrome

The term chronic compartment syndrome in-
cludes two separate entities: chronic exertional
compartment syndrome and missed compartment
syndrome with residual effects . The latter of the

two is discussed below in post-injury equinus
contractures. This section will focus on chronic
exertional compartment syndrome. This term
describes a temporary activity-related increase
in compartment pressure causing ischemic pain
and sometimes damage to the tissues. This pain
is often recurrent and associated with repetitive
activity. Usually, the pain subsides with rest and
often with no permanent sequela on the tissues.
Again, compartment pressure testing is utilized to
confirm diagnosis. A resting compartment pres-
sure of > 15 and/or >30 mmHg at 1 min postexer-
cise and/or >20 mmHg at 5 min postexercise are
the conventional parameters for diagnosis [6, 7].

Once the diagnosis has been made, treatment
can be surgical or nonsurgical. Nonsurgical treat-
ment is typically only successful if the patient
is willing to significantly modify the offending
activity. Most patients do not wish to give up or
modify their activities; therefore surgical treat-
ment of chronic exertional compartment syn-
drome is the primary treatment. Surgical treat-
ment is the same as an acute compartment syn-
drome.

However, there is debate whether fasciotomy
or fasciectomy should be employed for the surgi-
cal treatment of chronic compartment syndrome.
Fasciotomy, as described above, is a release or
opening of the fascia allowing the compartments
to be decompressed. A fasciectomy not only re-
moves the decompressed compartment but also
removes a portion of the fascia to prevent the
possibility of the fascia healing back, causing
recurrence of the compartment syndrome. Addi-
tionally, fasciectomy is used to treat recurrence
of compartment syndrome if fasciotomy fails.

Furthermore, there is also debate on which
compartments should be released. Some surgeons
release only the compartment with increased
pressure, whereas others release all compart-
ments in the calf. As stated previously, the objec-
tive measures for compartment syndrome are not
definitive in isolation and must be combined with
the physical examination for diagnosis. With this
in mind, many surgeons release all compartments
due to suspicion of compartment syndrome in
other compartments. This controversy is ongo-
ing and beyond the confines of this chapter. A



118

Z.C.Leonard

general guideline to follow is to release all com-
partments that have clinical findings consistent
with compartment syndrome. The decision of
which compartments to be released should also
be discussed with the patient as the more com-
partments released increases the morbidity of the
surgery and may also slow the rehabilitation.

Post-injury Equinus Contractures

Post-injury equinus contractures result from scar-
ring of musculature in the posterior compartment
of the leg. This is often the result of complica-
tions from an overlooked or unsuccessfully treat-
ed compartment syndrome. The residual scarring
and contracture of the gastrocnemius and soleus
from the injury lead to equinus deformity through
the ankle. An equinus deformity is a plantar-
flexion deformity at the ankle that prevents the
foot from getting to a plantigrade position when
standing. This alters gate and inhibits the normal
heel-to-toe motion when walking.

In addition to equinus contractures through the
ankle, scarring of the deep compartment muscu-
lature can also cause clawing deformities of the
toes. The deep posterior compartment of the leg
is continuous with the deep calcaneal compart-
ment in the foot. Therefore, compartment syn-
dromes of the foot (e.g., from calcaneal fractures)
can lead to a concomitant compartment syn-
drome of the deep posterior compartment of the
leg and vice versa [8]. When an equinus contrac-
ture is noted on exam, the physician must take a
detailed history to discover any previous trauma
that could have caused the deformity. A thorough
physical examination can identify the compart-
ments and specific muscles involved. The Sil-
fverskiold test should be done to determine if the
equinus contracture is due to the gastrocnemius
or the Achilles tendon (Fig. 10.3). This test is
done with the hindfoot held in neutral and ankle
dorsiflexion tested with the knee straight and also
bent. Additional dorsiflexion will be noted with
the knee bent if the contracture involves the gas-
trocnemius as it originates on the posterior femur.
If operative treatment is planned to correct the
deformity, an MRI can give further anatomical

information as to the involved muscles and com-
partments.

Surgical treatment of a chronic post-injury
equinus contracture will require a gastrocnemius
lengthening and possibly additional tendo-Achil-
les lengthening. A gastrocnemius release can be
done through a small incision on the posterior
medial aspect of the calf centered approximately
15 cm proximal to the medial malleolus. The su-
perficial crural fascia is split longitudinally ex-
posing the musculotendinous junction of the gas-
trocnemius. After identifying and protecting the
sural nerve, the gastrocnemius is released from
medial to lateral just proximal to its insertion
with the soleus fascia. If any residual equinus
is present, the soleus fascial may be pie-crusted
at this time to gain additional dorsiflexion. Pie-
crusting is a technique where many small inci-
sions in the fascia are made close to each other
to allow a gradual lengthening while still main-
taining the continuity of the fascia. At this point,
if further release is needed, percutancous triple
hemisectioning of the Achilles tendon may be
done distally to give additional lengthening. This
is performed by making three small stab incisions
(two medial and one lateral) with a Beaver blade
centered on the Achilles tendon just proximal to
its insertion. If any equinus or clawing deformi-
ties remain, the deep posterior compartment must
be evaluated. This can be done by splitting the
fascia longitudinally and then performing tenoto-
mies of the involved tendons as warranted. Addi-
tionally, any scarred or nonviable tissue must be
removed to establish a plantigrade foot position
[3, 8]. Once surgical correction of the deformity
has been completed, copious irrigation should be
done and the fasciotomies left open. Skin closure
can again be done with staples or nylon suture.
Postoperative splinting should be used to keep
the ankle in the neutral position.

Muscle Herniation (Fascial Defects)

Fascial defects can cause pain due to muscle her-
niation and nerve entrapment through the fascial
defect. Muscle herniation can occur in any region
of the lower extremity, but most often occurs
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Fig. 10.3 Silfverskiold test. The ankle will have increased dorsiflexion with the knee in flexion if a gastrocnemius

contracture is present

through the superficial fascia. Likewise, the
most common area for nerve entrapment in the
lower extremity is the superficial peroneal nerve
is through the lateral compartment fascia. Undue
pressure on the nerve and/or muscle causes pain.
Physical exam can localize symptoms and nerve
entrapment can often be detected with a positive
Tinel’s sign. MRI can be useful if considering
surgical intervention. When identified, compart-
ment release is indicated. Compartment release
should be done in similar fashion as described
above. The only alteration is that the compart-
ment release should include the region of the fas-
cial defect.

Summary

Most muscular injuries to the posterior lower
leg can be treated nonoperatively. However, in
the acute setting when function is significantly
compromised or compartment syndrome occurs,
surgical intervention is warranted to prevent
long-term deficits. Likewise, in the chronic set-
ting when deformities are present and function
is altered, surgical intervention can restore func-
tion and rebalance the muscular forces to gain
a plantigrade extremity. History and physical
exam is paramount to proper diagnosis and treat-
ment. The physician should keep a high index of
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suspicion for these injuries and their sequela in
the lower extremity.
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Casey Chrzastowski, Stacey M. Hall, Jordana Weber,
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Introduction

Rehabilitation of muscular injuries to the poste-
rior lower leg encompasses a multitude of thera-
pies, ranging from conservative cryotherapy to
more invasive ultrasound-guided injection and
aspiration. The treatment of these injuries often
requires a team-based approach to therapy, with
office-based, gym-based, and home-based re-
habilitation plans. Close and frequent commu-
nication should occur between the physician,
therapist, and patient. We will discuss not only
muscular injuries of the posterior lower leg but
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also non-muscular injuries that can masquerade
as a muscular injury, or otherwise complicate the
clinical picture. We are presenting the most com-
mon injuries of the posterior lower leg and their
corresponding rehabilitation strategies, starting
with proximal anatomy and working distally.
We have included a section on distal hamstring
tendon injury to provide a more comprehensive
regional review of the rehabilitation of injuries in
the posterior leg.

Distal Hamstring Tendon Injury

While proximal and midsubstance injuries to the
hamstrings are well researched and reported, lit-
tle evidence exists for the management of distal
hamstring tendinopathy [1-4]. Rehabilitation of
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the injured hamstring and prevention of recurrent
injury should address related dysfunction in the
core, pelvis, and knee as well as faulty movement
patterns or athletic technique.

A phased approach to conservative outpatient
rehabilitation is recommended, based on the
body’s healing time frame and patient-centered
factors (acuity and extent of injury, mechanism
of injury, level of function and type of activity,
health status, and concomitant injury) [5, 6]. It
is important to note that load to the tendon is the
most consistent risk factor for tendinopathy iden-
tified by research and must be well managed for
effective rehabilitation [6]. Factors to guide re-
habilitative strategies may be inferred from the
literature on hamstring injury prevention as the
recurrence rate of these injuries is known to be
very high.

Acuity of injury, symptoms, and functional
testing should guide the patient’s progression
through all rehabilitative phases. It should be
noted that injuries to the intramuscular portion of
tendons typically result in a shorter rehabilitative
period when compared to injuries that occur at
the location of the muscle-free portion of the ten-
don [5]. The acute-phase, mid-phase, and return-
to-phase rehabilitation strategies are discussed in
the following sections.

If there is a true tendinitis or acute hamstring
tendon tear (acute or acute-on-chronic injury),
acute-phase rehabilitation begins with control-
ling the inflammatory process. The acronym
PRICE (protect, rest, ice, compress, elevate) can
be used to guide initial management. Evidence
is mixed or lacking to support massage or anti-
fibrotic manual therapy; electrophysical agents
such as ultrasound, phonophoresis, iontophore-
sis, and electrical stimulation; or laser therapy in
the treatment of hamstring injury [5, 7, 8]. De-
spite the lack of strong evidentiary support, the
application of these modalities are routinely em-
ployed in the rehabilitation of soft tissue injuries
(often in combination) and individualized to pa-
tient response. Future research efforts reflecting
actual rehabilitation practice patterns would help
inform evidence-based use of modalities.

Early mobilization within the pain-free range
of motion should be initiated 2—6 days post-injury

[5, 7, 9]. Therapeutic exercise with relative un-
loading of tendon may begin with low-intensity
conditioning on a stationary bike. Lower kinetic
chain and core exercises are recommended to
build abdominal and gluteal strength, and may
include bridges, single limb balance, and step-
ping agilities performed in place or in a lateral
direction [5, 9, 10]. Contralateral limb exercises
are suggested as there is a potential for a benefi-
cial crossover effect (when the affected limb has
improvement in muscle activation after the unaf-
fected limb is exercised) [6]. The degree of stiff-
ness in the passive contractile elements of antag-
onist muscles results in increased eccentric load
on agonist muscles. Therefore, efforts to reduce
passive stiffness in the quadriceps and hip flexor
through stretching or other methods should result
in reduced eccentric load on the hamstrings dur-
ing running gait [7].

Mid-phase rehabilitation with therapeutic
exercise is continued beyond the acute phase to
initiate appropriate loading to the injured tendon.
A strength progression for the hamstrings would
include isometric to concentric to submaximal
eccentric contractions. Exercises should begin
in the midrange of hamstring motion and prog-
ress to more extended positions [5, 9]. Range of
motion may still need to be protected, and run-
ning speed should be limited to less than 50 % of
the maximum to avoid damaging the recovering
musculotendinous unit [5].

Specific strength exercises may be designed
to address the individual muscle group injured.
Since medial and lateral hamstring injuries can
have different etiologies, and as the muscles may
play different roles in gait and knee stabilization,
it may be important to preferentially activate one
muscle group [5, 11]. Beyond the early mobiliza-
tion phase, stretching should be implemented in
open and closed kinetic chain (CKC) positions
to reestablish the length of the musculotendinous
unit. Neurodynamic exercises, including sliders
and tensioners, may be included if lumbar or sci-
atic involvement is suspected [10, 12].

General conditioning should continue to main-
tain the strength of the lower kinetic chain and
core. Stationary biking can progress to moderate
intensity. The addition of lunges, lateral shuffles,
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and frontal plane agilities will challenge the low-
er-extremity musculature and cardiovascular sys-
tem without placing excessive demands on the
recovering hamstrings. Continuation of gluteal
and abdominal strengthening with a focus on pel-
vic position and control will remediate postural
and motor control deficits, which may have con-
tributed to injury. Cryotherapy is recommended
after exercise sessions to manage potential pain
and inflammation [5].

Return-to-function rehabilitation includes
therapeutic exercises and should be designed
to mimic or exceed the patient’s functional de-
mands [5, 10, 12]. Restoration of full flexibility
and end-range lengthening of the muscle and
tendon are the goals of stretching in this phase.
Strength exercises progress to more dynamic and
forceful motions with emphasis on eccentric ac-
tivities [5, 6, 11]. Exercises should be multiplanar
and mimic the speed and intensity of the patient’s
sport, work, or recreational activities.

Technique modifications for work or activity
should aim to prevent reinjury and may include
gait mechanics to stabilize the pelvis and prevent
overstriding or postural control of the pelvic po-
sition in forward bending or the athletic ready
position [9]. A functional progression should be
implemented for graded exposure to sport- or
work-specific tasks.

Tendinopathy of the distal hamstrings is ini-
tially managed conservatively; surgery should be
reserved for patients who have failed conserva-
tive treatment of 3—6 months [3, 8, 13]. For par-
tial tears of biceps femoris and semitendinosus
tendons, conservative treatment may be attempt-
ed; however, the low success rate of conservative
treatment in athletes and positive outcomes of
surgical repair may make surgery a preferred op-
tion for the more active patient. Evidence-based
recommendations for the conservative manage-
ment of semimembranosus tendon tears are limit-
ed due to a lack of research addressing this topic.
Operative outcomes were good to excellent for
full semimembranosus tears, but the operative re-
pair of partial tears carried the risk of denervation
and muscle degeneration and were noted to have
poor results [2].

Proximal Injuries of the
Gastrocnemius and Soleus

The primary function of the gastrocnemius and
soleus muscles is plantar flexion. The soleus
muscle, specifically, plays an important role in
maintaining posture while standing. The gastroc-
nemius is prone to injury because it spans the
ankle and knee joints and is mostly comprised of
fast-twitch muscle fibers [1]. Together, the me-
dial and lateral heads of the gastrocnemius form
an aponeurosis before integrating with the soleus
muscle to form the Achilles tendon. Soleus in-
jury is often underreported due to misdiagnosis
as thrombophlebitis or the grouping of soleus
strains with strains of the medial and lateral gas-
trocnemius muscles [14]. Mclure et al. indicated
that soleus muscle strain was found to be an asso-
ciated injury in 17 % of distal musculotendinous
injuries to the gastrocnemius [15].

Diagnosis of proximal gastrocnemius and so-
leus muscle injury can normally be determined
by physical examination alone. However, imag-
ing modalities such as ultrasound and magnetic
resonance imaging (MRI) are preferred to help
confirm the diagnosis and determine the extent
of injury if conservative rehabilitation is not pro-
gressing as expected [16].

Ultrasound may also be used to differentiate
partial tears from complete tears of the muscle,
which affects the rehabilitation protocol. An ad-
ditional clinical use of ultrasound is to guide per-
cutaneous aspiration of a hematoma, which is a
conservative alternative to surgical intervention
to relieve pressure and alleviate symptoms [17].
Ultrasound-guided aspiration of intramuscular
hematomas may help to re-approximate muscle
fibers and accelerate healing of an injury [17].
Ultrasound can also be used to rule out the pres-
ence of a deep-vein thrombosis, clarifying a po-
tentially confusing clinical picture [1, 18].

Shields et al. described 25 patients who sus-
tained an acute tear of the medial head of the gas-
trocnemius and were followed clinically for 1-3
years. These patients were treated without sur-
gery, with treatment methods including a com-
pression calf sleeve, heel lifts, and conservative
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outpatient rehabilitation. Eventually, these pa-
tients were advanced to calf stretches, isometric
and resistance strengthening, and toe-raising ex-
ercises. The group had an average recovery time
of 4.5 weeks and returned to sporting activity
after an average of 6.7 weeks. After 27 months
post-injury, the same group of patients underwent
Cybex strength testing, which is used to evaluate
extremity strength with multiple joint patterns.
This testing indicated no significant differences
between the injured and the non-injured limbs
[18]. Kwak et al. also found that early compres-
sive treatment in patients with injury of the medi-
al head of the gastrocnemius decreases pain and
can possibly lead to early ambulation [19].

When considering injury to the proximal
gastrocnemius heads and the proximal soleus
muscle, one must consider vascular structures
in close proximity to these muscles, especially if
conservative physical therapy or other rehabilita-
tive treatment is not successful. The medial and
lateral heads of gastrocnemius are supplied by
the sural artery, which is a branch of the popli-
teal artery. The popliteal artery normally cours-
es between the medial and lateral heads of the
gastrocnemius muscle but may be entrapped by
neighboring muscles and tendons due to varia-
tions occurring during embryonic development
of the muscles and arteries [20]. Popliteal ar-
tery entrapment syndrome (PAES) is frequently
seen in young males and usually presents with a
complaint of intermittent calf claudication [21].
The main reason for any delay in the diagnosis
of PAES is a lack of consideration for vascular
pathology in patients without cardiovascular risk
factors [21]. PAES will be discussed in much
greater detail later in this chapter.

Kinesio Taping (KT) has become a popular
treatment for rehabilitation of sports injuries
and is theorized to increase circulation and sub-
sequently improve muscle function of both the
proximal gastrocnemius and soleus muscles.
However, little research has been conducted to
determine how KT affects athletic performance
or the rehabilitation of injuries to the gastrocne-
mius or soleus [22, 23].

Musculotendinous Junction Injuries of
the Gastrocnemius and Soleus

A partial tear of the musculotendinous junction
of the medial belly of the gastrocnemius muscle
is commonly referred to as tennis leg [24]. This
injury usually occurs when the ankle is actively
plantar flexing and the knee is extending, caus-
ing the gastrocnemius to actively contract while
being passively stretched. The classic clinical
picture is a middle-aged person with the com-
plaint of an acute sports-related pain in the mid-
dle portion of the calf, generally associated with
a snapping sensation [19]. A palpable gap in the
muscle with calf tenderness and painful, restrict-
ed dorsiflexion may be appreciated on initial
physical examination, with resolution (decrease)
of the gap in time, secondary to increased calf
swelling [24]. Additionally, the clinician should
be aware deep venous thromboses (DVTs) often
mimic muscle strains and may be associated with
a muscle strain [1].

Immediate treatment for partial tears at the
musculotendinous junction of the medial belly of
the gastrocnemius muscle is conservative, with
attention to alleviating the amount of swelling
[24]. Weight bearing should be slowly increased
as tolerated, and the use of crutches as well as
heel lifts placed in patient’s shoes may help in
relieving pain [16, 24, 25]. As pain and swelling
resolve, physical therapy has an important role
in facilitating recovery, with early interventions
including gentle calf stretching, massage, and
cryotherapy [25, 26]. As the acute symptoms re-
solve, strength training, proprioception training,
heel raises, and closed-chain exercises are then
added along with core strengthening and general
conditioning [26]. According to Toulipolous et
al., most patients who receive conservative treat-
ment fully recover and have a low rate of recur-
rence. Even in cases of large tears, conservative
treatment is recommended, given that repair of
the musculotendinous junction is not shown to
produce superior results to nonoperative care
[25]. With regard to a time frame for return to
pre-injury-activity levels, Perkins et al. note that
ambulation without pain may take 2—12 weeks
post-injury [24]; furthermore, Kwak et al. note
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that healing of a muscle rupture occurs slowly
and may take upwards of 3—16 weeks [27].

Therapies already referenced in this section
for the rehabilitation of proximal gastrocnemius
injuries can also be applied to more distal muscu-
lotendinous injuries. Kwak et al. concluded that
early compression therapy may lead to earlier
ambulation as well as decreasing the amount of
fluid collection after rupture of the medial head
of the gastrocnemius. This study suggests that
patients with muscle rupture during exercise or
training should be treated with early compres-
sion, ice, and immobilization to limit acute hem-
orrhage [27].

Injury to the soleus is uncommon and rarely
reported [1]. According to Campbell, when look-
ing at the statistics from 141 patients who were
referred for ultrasound examination following a
calf strain, 67 % had tears to the gastrocnemius,
21% had hematoma and fluid accumulation but
no definitive muscle tear, 9% had deep vein
thrombosis, 1.4% had a plantaris rupture, and
0.7% had an isolated soleus tear [26]. Injury to
this muscle may be underrepresented due to mis-
diagnosis as a tear or strain of the gastrocnemius
or as thrombophlebitis [1, 16]. Soleus muscle
strain was found to be associated with upwards
of 17% of distal musculotendinous injuries to the
gastrocnemius [1, 16].

The soleus is considered at low risk for injury
as compared to the gastrocnemius; furthermore,
the clinical presentation of soleus strains is gen-
erally less dramatic and more sub-acute in com-
parison to gastrocnemius injuries [ 16]. Soleus in-
jury may present as calf tightness, stiffness, and
pain, which is exacerbated by walking or jogging
and worsens over days to weeks [16].

As the prevalence of soleus injuries are mini-
mal when compared to other posterior leg inju-
ries, and at times are found in conjunction with
gastrocnemius injuries, their treatment is much
like the aforementioned rehabilitation of medial
gastrocnemius injuries. In general, when taking
into account any calf strain, an accurate diagnosis
as well as early appropriate treatment can signifi-
cantly affect duration and amount of disability
[16]. Similar to the goals of treatment of medial
gastrocnemius rupture/strain, acute treatment of

soleus injury should be aimed at limiting hemor-
rhage and pain as well as preventing complica-
tions [16]. According to Dixon, during the first
3-5 days, rest is achieved by limiting stretching
and contraction; in addition, it is recommended
to utilize cryotherapy, compressive wrap or tape,
and elevation of the leg. While nonsteroidal anti-
inflammatory drugs (NSAIDs) should be restrict-
ed for the first 24-72 h due to their antiplatelet
effect (increased bleeding), Celebrex and other
COX-2 inhibitors may be an option due to their
lack of antiplatelet effect. Dixon advises against
moist heat and massage early in the healing pro-
cess because these treatments are thought to in-
crease the risk of hemorrhage [16].

More active rehabilitation may follow suc-
cessful acute treatment. Rehabilitative exercises
should isolate affected muscles (gastrocnemius
versus soleus) by varying the degree of knee
flexion. Passive stretching should ensue during
the sub-acute phase to help elongate the maturing
intermuscular scar as well as prepare the muscle
for strengthening. According to Dixon, once
the range of motion returns, unloaded isometric
contractions are recommended to begin strength-
ening. Therapeutic exercise selection should
progress by sequentially introducing pain-free
isometric, isotonic, and then dynamic training
exercises, thereby controlling the variables that
affect strain on the injured tissue [16].

Popliteus

As the popliteus is a smaller structure with lim-
ited function in the posterior lower leg, the inci-
dence of injury is much lower than other larger
structures. Thus, the available literature on re-
habilitation of popliteus injuries is limited. The
popliteus muscle’s primary action is to medially
rotate the tibia on the femur and prevent tibial
external rotation, but it also helps to prevent for-
ward displacement of the femur on the tibia when
standing on a partially flexed knee [28—30]. The
popliteus muscle is a significant component to
3D stability of the knee joint complex, including
transverse-plane rotation of the long axis of the
tibia and femur. Individual differences in static
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standing tibia and femoral rotation are compo-
nents of genu varus and genu valgus postures.
Therefore, it is important to consider the hip joint
controlling abduction or adduction of the femur
in the frontal plane and the subtalar joint control-
ling supination and pronation [28, 31].

The acute phase of healing in a popliteus
muscle strain is essential as this is when blood
is being distributed to the area to bring nutrients
and stimulate new growth [31]. There is increased
debate over the role of therapeutic ultrasound to
encourage the healing process of an injured mus-
cle or tendon. As a general treatment approach to
musculotendinous injuries, Fu et al. found that
low-intensity pulsed ultrasound, if utilized within
the first 2 weeks of an injury, could help promote
tendon healing [32]. Cryotherapy and compres-
sion with a knee sleeve could also help decrease
pain and edema that may occur in the popliteal
fossa. Prolonged immobilization should be avoid-
ed following a muscle strain, for example of the
popliteus, to prevent the potential for increased
stiffness [33]. It is also important to maintain
range of motion (ROM) and strength of adjacent
joints, with the greatest focus being on restoring
and maintaining anatomical alignment [31].

When pain and swelling have been controlled,
the body has begun the repair-regeneration stage
of healing, where new collagen is being dis-
tributed to rebuild the damaged tissue [31]. It
is during this phase that it is important to avoid
overloading the tissue. Any increased signs in
warmth, edema, and pain are signs the load is
too great [31]. Isometric exercises are described
as a proprioceptive neuromuscular technique to
increase strength and stability at particular por-
tions through the range of motion. This technique
is most effective for the popliteus at varying de-
grees of tibial internal rotation within a 0-30°
knee flexion range [31].

During the return to sport phase of healing,
CKC exercises can be utilized to stimulate co-
contractions that promote dynamic stabilization,
improving postural support for the joint [31]. Uti-
lizing CKC exercises can stimulate the proprio-
ceptive system to improve balance and stability.
Nyland et al. suggest a series of dynamic step-
ping lunges in a cross-body pattern, incorporat-
ing various degrees of tibial rotation (Fig. 11.1)
[28]. The result of this type of plyometric train-
ing is improved neuromuscular control and in-
creased tolerance to stretch loads [31]. Pyometric

Fig. 11.1 Dynamic stepping lunges. The lunge begins with slow controlled eccentric loading (a), followed by explosive

concentric contraction to return to the starting position (b)
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Fig. 11.2 Single-limb lunge stance with lateral reach

exercises should be initiated in a single plane
(Fig. 11.2) and then progress to include the 3D
stability component (Fig. 11.3) [31]. To fur-
ther challenge the patient, catching and tossing
weighted balls will increase the specificity of the

task. The addition of the weighted ball toss also
redirects the patients’ attention, allowing true
assessment of their ability to maintain the 3D
stance. Having the patient close their eyes or add-
ing a compliant surface under the stance limb fur-
ther challenges the proprioceptive system. When
the patient is able to maintain a level pelvis and
subtalar neutral position with the above lunge
positions, incorporating small jumps progressing
toward a bounding motion will assist in progres-
sion toward dynamic athletic activity.

Neurovascular Entrapment

Neurovascular entrapment, including diagnoses
such as PAES, can occur when the popliteal ar-
tery and other neurovascular structures become
compressed between muscles and tendons in
the posterior lower leg due to variations in em-
bryonic development [20]. The main reason for
delay in diagnosis of neurovascular entrapment is
a lack of consideration for vascular or neurologi-
cal pathology in patients without cardiovascular
risk factors [21].

Use of neurodynamic mobilization as a treat-
ment for neurovascular entrapment has become
increasingly popular in the rehabilitation of this
disorder. Prolonged compression of a nerve can

Fig. 11.3 Single-limb stance and reaching with contralateral trunk rotation
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lead to edema and increased pressure, result-
ing in additional compression due to intraneural
thickening. It has been demonstrated that neuro-
dynamic mobilization techniques can reduce in-
traneural edema and decrease the effects of com-
pression from surrounding fascial restrictions
[34]. Neural mobilization techniques increase
excursion by “flossing” the nerve. This technique
attempts to mobilize the neural tissue both proxi-
mally and then distally [35]. Alternating between
elongating and shortening the nerve creates a
pumping effect to help decrease edema by dis-
persing the intraneural fluid [34]. It has been sug-
gested that these mobilization techniques should
be performed in a slow and rhythmic fashion to
prevent excessive strain, which would in turn in-
hibit blood flow and further damage the nerve.

It is also important to evaluate the location of
the injury and consider joint position during these
mobilization techniques. Boyd et al. discuss the
effects of proximal—distal sequencing versus a
distal-proximal sequencing of joint movement
to create neural gliding [36]. The joint closest to
the injured site is more irritable due to intraneu-
ral edema and, therefore, should remain some-
what stationary, given that the greatest amount of
strain occurs at the moving joint [35, 36]. Butler
et al. describe varying techniques for passive and
active mobilization strategies for the tibial and
peroneal nerves [37]. A combination of ankle
dorsiflexion and eversion with knee extension
and hip flexion provides maximal elongation of
the tibial nerve. For the sural nerve, maximal
clongation comes from a combination of ankle
dorsiflexion and inversion with knee extension
and hip flexion [37].

Mobilizing the nerve through surrounding
structures is a key component of the rehabilita-
tion process, but consideration of the fascial
restrictions causing the entrapment is critical.
Addressing these restrictions with myofascial
release techniques has been found to be benefi-
cial as a conservative management [37]. More-
over, consideration of why these restrictions may
be present through assessment of an anatomical
alignment is important in rehabilitation for pre-
vention of recurrence [37]. The final stage of re-
habilitation should consist of developing a home

exercise program to increase tissue extensibil-
ity of restricted muscles and to strengthen weak
muscles that may contribute to any postural mis-
alignments [37].

Tibialis Posterior

Tibialis posterior injuries are a very common
problem in sports medicine. Although they are
rarely reported or studied, posterior tibialis ten-
don issues are a common cause of acquired adult
flat foot, among other problems, and the mecha-
nism of injury has not been clearly elucidated
[38].

Musculoskeletal abnormalities can usually be
diagnosed by the use of the mnemonic “TART”:
Tenderness, Asymmetry, Restricted motion, and
Tissue texture abnormality [39]. Dixon et al. de-
scribed a three-grade classification of calf muscle
strains based on disability, physical findings, and
pathologic correlation. Although there is consen-
sus about the use of a three-grade classification,
there seems to be disagreement in the semantics
of the grading system [16]. Johnson and Strom
described a classification for tibialis posterior
tendon insufficiency classification, later comple-
mented by Myerson [38, 40]. Although this is a
grading system for tendon insufficiency and not
muscular strain, Howitt et al. considers the three-
stage Johnson and Strom system useful for estab-
lishing treatment strategies as the acute tibialis
posterior strain would be equivalent to a stage 1
or 2 of this classification scale [38].

There seems to be consensus regarding the
initial treatment of acute muscle strain. Similar to
prior sections of this chapter, most experts agree
about the inclusion of the PRICE system for
initial management of tibialis posterior muscle
strains, as with any other muscle strains [16, 38—
40]. Symptom control, avoidance of hemorrhage,
and other complications should be the main goals
of this phase [16, 38].

Protection from further injury must be one of
the initial steps. Only severe injuries require total
immobilization and avoidance of weight-bearing
[39, 41]. Use of braces or other orthotic devices
are particularly useful to correct biomechanical
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problems, which may hinder optimal healing
[42]. Rest with a relative limitation of physical
activity, decreased repetitive loading, and ces-
sation of participation in sports for a short pe-
riod of time as determined by the severity of the
symptoms might be needed to achieve symptom
control and prevent further injuries [39, 42]. A
brief period of immobilization, usually limited to
no more than 1 week, is recommended to allow
the scar tissue to gain the necessary strength to
tolerate the forces applied over the new tissue;
this will have the beneficial effect of prevent-
ing acute reinjuries and retraction of the muscle
stump [43]. Prolonged immobilization should be
avoided if possible to prevent muscular atrophy
and deconditioning [42].

Cryotherapy by applying ice to the affected
area intermittently has been recommended in
multiple studies. It has been effective for short-
duration pain relief and swelling control. It has
also been associated with smaller hematomas be-
tween the myofiber stumps [43]. Although there
is agreement in the general effectiveness of cryo-
therapy, there is no consensus regarding the spe-
cific duration and interval of the therapy. Some
authors recommend intermittent application for a
10 min duration, while others recommend peri-
ods of 15-20 min [39, 42, 43]. Recent research
suggests the greatest benefit of cryotherapy oc-
curs in the 6 h following the initial trauma [43].

Compression is a component of the PRICE
treatment and has been widely recommended in
several studies in combination with cryotherapy
at similar intervals because it reduces blood flow
to the injured fibers. However, there is no conclu-
sive information regarding the use of compres-
sion in the acute phase of the injury, and it has not
been proven to hasten healing [16, 38, 39, 43].

Elevation is also used in combination with the
other components of PRICE as it decreases the
hydrostatic pressure when elevating the injury
above the heart, thus decreasing the potential for
local edema [43].

NSAIDs have been recommended for in-
flammation and pain control [38, 41]. Some au-
thors recommend that NSAID use should be re-
stricted during the first 24-72 h due to potential

worsening of hemorrhage as a result of antico-
agulant effects, but Celecoxib and other COX-2
selective inhibitors might be an option as they do
not affect platelets [16, 38]. Other authors rec-
ommend limiting the use of NSAIDs to a short-
term period during the early stages of healing as
they decrease the inflammatory reaction without
affecting the healing process or myofiber regen-
eration [43]. The same study recommends short-
term use because long-term use might have an
effect on the regeneration of skeletal muscle. Ac-
etaminophen and narcotics may be used as well
to help control pain [16, 44]. Alternatively, the
use of topical NSAIDs might reduce pain with
less risk of gastrointestinal complications.

The use of corticosteroids has been contro-
versial in musculotendinous lesions. Glucocor-
ticoids have led to retardation of tissue regen-
eration as well as delayed elimination of he-
matomas and necrotic tissue [43, 45]. Based on
the literature, use of glucocorticoids appears to
lead to an increase in the strength of affected and
non-affected muscles during the initial 2 days of
healing versus control groups. However, after 1
week of treatment, injured and non-injured mus-
cles showed weakness when compared to control
groups. Alternately, muscular injuries treated
with anabolic steroids showed no differences
during the first 2 days when compared to con-
trols, but the group treated with anabolic steroids
showed an increase in the strength of the injured
muscle after 1 week of treatment when compared
with the contralateral muscle and with the control
group [45].

Therapeutic ultrasound has been widely rec-
ommended for the acute treatment of muscular
injuries. Typical parameters in application of
therapeutic ultrasound for this indication would
be a 50% duty cycle with 1 MHz frequency and
0.7 W intensity, with a duration of between 5
and 15 min. It has been proposed that therapeu-
tic ultrasound, performed within the parameters
listed above, could enhance the initial stage of
muscular regeneration [43]. However, several
studies have found that there is no improvement
in healing time when compared with non-treated
muscle injuries. Aside from the analgesic effect
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of the high-frequency ultrasound waves, there is
no other additional benefit of ultrasound therapy
[43, 46].

Manual therapy techniques are often em-
ployed in the rehabilitation of soft tissue inju-
ries. Although many approaches to manual ther-
apy exist, Active Release Techniques® (ART®),
Graston Technique®, and Astym® are some of the
most popular applications of manual therapy in
rehabilitation settings. In ART®, deep digital ten-
sion is applied at the affected area, and the patient
moves actively through identified sites of soft
tissues adhesions from a shortened to a length-
ened position. This modality of therapy requires
knowledge of the anatomy of the limbs and com-
prehension of the traversing tissues located at
angles. It has been used in cases of tibialis pos-
terior strains with adequate results [38]. Graston
Technique®, a form of instrument-assisted tissue
mobilization, uses patented stainless steel instru-
ments with beveled edges that are used to ma-
nipulate and mobilize the tissue with the goal
of decreasing fascia irregularities. The Graston
Technique® is based on the belief that treatment
in this way will enhance proliferation of extra-
cellular matrix fibroblasts, improve ion transport,
and decrease cell matrix adhesions. Astym® also
uses a specialized instrument set to mobilize soft
tissue by transferring pressure and sheer force to
the underlying dysfunctional soft tissue with the
goal of increasing fibroblast recruitment and tis-
sue quality.

Experimental studies initially showed that
hyperbaric oxygen, or HBO, accelerated the
recovery of injured skeletal muscle in animals.
However, more recent meta-analysis has shown
that HBO might actually increase the sensation
of pain in milder degrees of muscular injury [43].
The use of HBO for skeletal muscle injuries is
rare and remains experimental.

Although there is plenty of literature indicat-
ing the destruction of sarcomeres and muscular
damage secondary to eccentric exercises, it has
been proposed that a mild eccentric exercise pro-
gram might protect the muscle from further dam-
age due to adaptation of the sarcomeres, there-
fore leading to fewer areas of potential instability
[47]. The role of eccentric exercise in acute soft

tissue injury rehabilitation remains antithetical,
and additional investigation would be needed
prior to application in the initial phase of a reha-
bilitation program.

The goal of the sub-acute and chronic phases
of tibialis posterior injuries should be directed
toward the modification of training regimens
and correcting the mechanics of the lower leg as
well as training errors [39]. As the muscle fails
progressively, the calcaneus rotates into a valgus
angle, the arch collapses, and the forefoot gradu-
ally abducts, likely producing an acquired flat
foot [40]. A key part of the treatment is assess-
ing the need for adequate footwear with shock-
absorbing soles and insoles that might fix easily
correctable problems. It is also recommended to
change shoes every 250-500 miles [39—41]. The
use of lace-up shoes is generally recommended
to improve foot stabilization. Some patients
might be able to correct issues with off-the-shelf
orthotics [38—40].

After the acute phase of rehabilitation, the
athlete may begin gradually exercising as toler-
ated. Runners or triathletes may start swimming
and cycling, and tibialis posterior strengthen-
ing exercises such as heel-ups with a tennis ball
held between the medial malleoli can be initiated
(Fig. 11.4) [38]. To avoid complete cessation of
activities, a 50% decrease in the weekly run-
ning distance, frequency, and intensity may also
be recommended to runners for a period of 2—6
weeks. Running on uneven surfaces should ini-
tially be avoided, and a synthetic track or other
uniform surface of moderate firmness may pro-
vide more shock absorption [39]. Running on un-

Ml

Fig. 11.4 Heel-ups with a tennis ball
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even surfaces may then be gradually introduced
and progressed as tolerated [44].

The decision to start return to sport-specific
practices can be made after two conditions have
been met: First, the athlete must be able to stretch
the injured muscle as much as the contralateral
side; additionally, the athlete must be able to per-
form pain-free basic movements with the injured
muscle. If both conditions have been met, the
athlete may start training gradually, preferably
under the supervision of an athletic trainer [43].

Flexor Hallucis Longus

Flexor hallucis longus (FHL) injury is the most
common lower extremity tendinitis in classi-
cal ballet dancers and is sometimes referred to
as “dancer’s tendonitis.” This injury is also seen
in persons who participate in activities requiring
frequent push-off maneuvers and extreme plantar
flexion, such as swimmers, ice skaters, long-dis-
tance runners, and gymnasts [48, 49]. As flexor
hallicus longus injuries are most common in
dancers, the rehabilitation techniques in this sec-
tion are geared primarily toward helping dancers
but can be adapted for other individuals.

In dancers, the FHL tendon is generally
stressed in the direction of overlengthening as it
functions as a medial stabilizer of the ankle in
the externally rotated position of the lower limb
known as the dancer’s “turnout.” Prevention can
be the best form of treatment. FHL injuries can
be prevented by reducing turnout of the hip, so
the dancer is working directly over the foot. Ad-
ditional training techniques to help prevent FHL
injuries include: avoiding en pointe exercises
and hard floors whenever possible, gripping of
the floor with the toes when jumping, strength-
ening the body’s core, and wearing firm, well-
fitted shoes. Prehabilitation exercises to improve
ankle stability, such as proprioception exercises
(wobble board, TheraBand) should be encour-
aged [49-51].

For post-injury rehabilitation, the focus should
be on correction of muscle imbalances, weak-
ness, and faulty technique as mainstays of treat-
ment. For dancers, correction of “over-turning

Fig. 11.5 Ballet position—demi-pointe

out” should be the first-line treatment, as well as
strengthening the anti-pronation muscles of the
ankle and the intrinsic muscles of the foot to sup-
port the medial longitudinal arch. A careful ex-
amination will establish whether there are faults
in technique. In conjunction with technique cor-
rection, strengthening of the hip and core muscu-
lature to support the correct turnout technique is
important.

Dancers can relatively unload the flexor hal-
lucis longus tendon during healing by avoiding
work on demi-pointe (end-range weight-bear-
ing plantar flexion; Fig. 11.5) and full pointe
(Fig. 11.6), and by minimizing jumping due to
push-off demands. Optimal floor cushioning
would theoretically help to reduce tendon over-
load, but hard floors in the studio are unfortu-
nately impossible to avoid. In addition, injuries
can arise from floors that are too soft or from
any rapid change in training surface, so cau-
tion should be advised in modifying the training
surface. Moreover, dancers are required to wear
minimal footwear in the studio (ballet slippers,
pointe shoes, etc.), and changing their footwear
to rest an injury is next to impossible during par-
ticipation. However, use of supportive shoes out-
side of class is a reasonable expectation [52].

Most authors recommend 6 months of nonsur-
gical treatment prior to consideration of surgical
intervention for flexor hallucis longus injuries. Un-
fortunately, reported failure rates for nonoperative
management range from 40 to 100%. Common
treatment approaches include rest, administration
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Fig. 11.6 Ballet position—full pointe

of NSAID medications, ice or contrast baths,
gentle stretching, massage, water therapy, and
ultrasound [51].

One of the more successful nonoperative
treatments is the FHL stretch exercise. To per-
form this exercise, the patient stands facing the
wall with a book placed under the hallux. While
keeping the heel on the ground, the ankle is maxi-
mally dorsiflexed by flexing the knee. Typically,
the stretching is performed for 30 s, repeated
three to five times. A more limited protocol of
stretching 10 s for ten repetitions with each set of
stretches being repeated three to four times daily
may be helpful as a general gliding mobilization
of the tendon [53].

Stretching, however, is not always an effective
treatment because the tissue is often overlength-
ened and too painful. If stretching aggravates or
fails to improve symptoms, immobilization in
a walking boot is often necessary. Initially, the
walking boot can be used at night for 6 weeks.
If symptoms fail to diminish, use of a walking
boot (or application of a short leg walking cast
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extending past the toes) should be applied full
time for 6 weeks. If a walking boot is used for
immobilization, it can be combined with inter-
mittent use of the FHL stretching exercise as
tolerated. After 6 weeks of walking boot use, the
patient should progress to a full program of FHL
stretching and a formal rehabilitation program as
outlined above [49-51].

Intra-tendinous injections of steroids in the
FHL, as in all forms of tendinitis, should be
avoided because of the risk of weakening or rup-
turing of the tendon. Ultrasound-guided injection
of corticosteroids into the flexor hallucis longus
tendon sheath vastly decreases the risk of tendon
rupture and has led to clinical success in the ex-
perience of the senior author of this chapter. If
triggering of the tendon is present, or symptoms
are unresponsive to 6 months of conservative
treatment, surgical decompression and repair of
the tendon may be necessary [51, 53].

Chronic Exertional Compartment
Syndrome

Chronic exertional compartment syndrome , or
CECS, can occur in any compartment of the ex-
tremities, although the leg is the most common
location [54].

Conservative treatment is frequently attempt-
ed for CECS; however, typically, it has been
thought to be generally unsuccessful for athletes
who wish to train or compete at a high level.
Conservative management generally involves a
decrease in activity or load to the affected com-
partment. This effectively results in detraining
of the muscles within the effected compartment
and can reduce compartment pressures. After
detraining, activity level is gradually increased
and titrated based on the patient’s symptoms.
During detraining, cross-training exercises like
swimming, bicycling, and other low-impact ac-
tivities are prescribed. Aquatic exercises, such as
running in water, are often employed to maintain
fitness while improving mobility and strength
without unnecessarily loading the affected com-
partment. Massaging and stretching exercises



11 Rehabilitation of Injuries in the Posterior Leg

133

have also been shown to be occasionally effec-
tive in CECS.

In addition to activity modification, biome-
chanical correction with orthotics and the use of
NSAID medications are often prescribed. Pain
control with analgesics may be warranted in pa-
tients with CECS for acute symptom manage-
ment, but they play a minimal role in the treatment
of this condition. It is generally recommended to
avoid compression of the affected limb as this
may result in increased compartment pressures.
Some athletes have symptoms that are worse on
certain surfaces (concrete versus running track or
artificial turf versus grass) and symptoms may be
relieved by switching surfaces [55].

It should be noted that the presence of muscle
weakness in CECS does not necessarily indicate
the need for a muscle strengthening program.
Exercise brings on the symptoms of CECS and
leads to hypertrophy of the muscles within the
compartment; therefore, muscle strengthening is
problematic for these patients. Only patients with
very mild CECS may be able to build strength
without precipitating abnormal compartment
pressures [56].

Research has suggested that treatment with
anti-inflammatory medications, stretching, pro-
longed rest, ultrasound, electrical stimulation,
orthotics, and massage have resulted in limited
success, but assessing and correcting biomechani-
cal faults is a core component of rehabilitation for
CECS. For example, a hindfoot strike gait pattern
leads to increase ground-reaction forces, stride
length, and ground-contact time. Thus, it is pos-
sible that training and adopting a forefoot running
technique may be effective in reducing the symp-
toms of athletes with CECS who hindfoot strike
by adopting a forefoot running technique [57].

Despite the limitations described above, a trial
of conservative treatment should be undertaken
for most patients with CECS. Along with activity
modification, this should include gait analysis,
biomechanical correction, and a trial of gait re-
training. If conservative therapy is unsuccessful,
the patient should be referred for compartment
pressure testing and surgical consultation for
consideration of release of the effected compart-
ments [55].

Achilles Tendon

Achilles tendon, the largest and strongest ten-
don in the body, connects the calcaneus to the
gastrocnemius and soleus muscles. Due to its
function and limited blood supply, the tendon is
vulnerable to injury that is difficult to heal. Com-
mon pathologies of the Achilles tendon include
tendinitis, peritendonitis, tendinosis, and rupture.
These conditions are generally caused by overuse
and can occur in adolescents and adults.

Cryotherapy is regarded as the single most ef-
fective modality for tendon inflammation, with
sufficient evidence throughout the literature. An
Achilles tendon injury, like any other injury to
the body, initiates a cascade of normal inflamma-
tory physiology. During an injury, vasodilatation
leads to capillary permeability with fluid extrava-
sation and swelling, metabolic changes, and in-
creased pro-inflammatory cytokines. Cryothera-
py combined with compression therapy has been
shown to decrease microcirculation at the mid-
portion of the Achilles tendon space, promoting
preservation of deep tendon oxygen saturation
and facilitated venous capillary outflow [58].

Another therapeutic modality, phonophoresis,
harnesses the acoustic effects of ultrasound to as-
sist in driving medications into tissue. Acoustic
stimuli produce four distinct effects on tissue:
thermal, non-thermal, neural, and connected ef-
fects. Thermal effects coincide with the absorp-
tion of sound energy, and the corresponding heat
can be augmented by the increase in frequency;
90 kHz of ultrasound can penectrate tissue to
a depth of 10 cm. Non-thermal effects are due
to acoustic pressure changes within the tissue,
which can be used to help propel medications
into soft tissue. Ultrasound also stimulates in-
creased fibroblast activity and increases dispens-
ability of tissues [59].

Iontophoresis is another therapeutic modality
for the treatment of Achilles tendinopathy. This
modality uses electric stimulation to produce an
electric field between two electrodes and uses
ions from medication to diffuse through tissue.
Iontophoresis is contraindicated for individuals
who have a pacemaker, are pregnant, are dia-
betic, have electrical hypersensitivity, or have
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skin allergies. Although the patient population
was small, a double-blind study reported positive
results when iontophoresis was used with dexa-
methasone as compared to iontophoresis with sa-
line solution. Following treatment with iontopho-
resis, both groups participated in a rehabilitation
program in which 10 participants were followed
up at 3, 6, and 12 months. Although both groups
noted improvement of Achilles pain during the
length of the study, the group with iontophore-
sis and dexamethasone reported less pain while
walking at 3, 6, and 12 months [60].

Since the mid-1980s, eccentric loading exer-
cises have been a mainstay in the treatment of
Achilles tendinopathy. Curwin and Standish
demonstrated successful resolution of symptoms
with a simple 6-week program of progressive
eccentric tendon load [61]. In 1998, Alfredson
et al. developed a model for eccentric calf mus-
cle training to the point of provoked pain at the
Achilles tendon. The muscles are loaded with the
knee straight and, to maximize the activation of
the soleus muscle, also with the knee bent. The
patient stands with their forefoot on the edge of
a step or curb with the ankle joint in full plantar
flexion (Fig. 11.7a). The patient slowly lowers
himself or herself into full dorsiflexion using the
affected limb only (Fig. 11.7b). At this point, the

uninjured leg should be used to reposition the pa-
tient back to the starting point.

The patient should be able to perform the ec-
centric loading to the point of provoking pain.
Treatment should be stopped if the patient begins
to have disabling pain. If performing the loading
technique with body weight alone does not pro-
voke pain, a weighted backpack should be used
[62, 64]. Eccentric training should be performed
twice daily, 7 days a week, for 12 weeks. Follow-
up studies have shown a decrease in thickness
and volume as well as a change in the neovascu-
larization of the Achilles tendon after eccentric
loading [63—-66].

After a tendon injury, a histopathological re-
sponse takes place within the damaged tendon.
Chronic tendinopathy can lead to degradation
and synthesis of the cell matrix in response to
different stressors [67]. This process stimulates
connective tissue remodeling through resorption
and synthesis of collagen secondary to fibroblast
recruitment [68]. Assisted manual therapy tech-
niques are often employed in the rehabilitation
of chronic tendinopathy to attempt to address
these changes. Although many approaches to in-
strument-assisted manual therapy exist, Graston
Technique® and Astym® are currently two of
the most popular applications. The Graston

Fig. 11.7 Alfredson model for eccentric calf muscle training to the point of provoked pain at the Achilles tendon. a Full

plantar flexion. b Full dorsiflexion
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Technique® employs patented stainless steel in-
struments with beveled edges that are used to
manipulate and mobilize the tissue with the goal
of decreasing fascia irregularities, enhancing
proliferation of extracellular matrix fibroblasts,
improve ion transport, and decrease cell matrix
adhesions. Astym® also uses a specialized instru-
ment set to mobilize soft tissue by transferring
pressure and sheer force to the underlying dys-
functional soft tissue. Astym® moves along the
direction of the underlying tissue, in contrast to
cross-frictional techniques, which apply trans-
verse pressure to the underlying tissue. Specially
designed instruments are used in a stroking mo-
tion along the skin while using a lubricant, such
as cocoa butter, to reduce the coefficient of fric-
tion. This stroking motion along the underlying
tissue increases fibroblast recruitment and acti-
vation in animal studies but has not been thor-
oughly studied in humans [69].

Retrocalcaneal Bursitis

Retrocalcaneal bursitis is inflammation of the
bursa in the recess between the anterior inferior
side of the Achilles tendon and the posterior su-
perior aspect of the calcaneus [70]. Acute reha-
bilitation for retrocalcaneal bursitis should have
a methodical approach, including the previously
mentioned PRICE therapy, anti-inflammatory
medications, ultrasound, and electrical stimula-
tion [71]. Initial treatment should focus on re-
duction of pressure to the area with open-back
shoes, using heel lifts, orthotic devices, or rocker
sole shoes to reduce pressure on the Achilles ten-
don and bursa [71, 72]. The use of orthotics and
specialized shoes focuses on reduction of direct
pressure on the retrocalcaneal space. It is recom-
mended that, after the resolution of symptoms,
patients carefully select their shoe type based on
the amount of pressure exerted on the retrocalca-
neal area. Caution is also advised at the selection
of orthotics for the correction of foot plane defor-
mities so that they are not overcorrected, particu-
larly in runners [73]. It should be noted that some
data suggest that orthotic insoles do not decrease

the rate of lower limb overuse injuries such as
retrocalcaneal bursitis [74].

In general, the use of injectable steroids in this
area is contraindicated as it may lead to tendon
rupture; however, in refractory cases of retrocal-
caneal bursitis, a one-time steroid injection di-
rectly into the retrocalcaneal bursa is sometimes
helpful [75].

Posterior Impingement Syndrome

Posterior impingement syndrome occurs during
full weight bearing in full plantar flexion and can
be caused by a variety of problems including an
os trigonum (Fig. 11.8), Steida process, arthritis,
or FHL tendinitis/tenosynovitis [76, 77]. It has
been reported that conservative care is successful
in 60% of patients with posterior impingement
syndrome [78, 79]. In cases where conserva-
tive care fails to resolve pain and function, ar-
throscopic surgery is recommended to remove
the excessive bony prominences, release and/or
debride tendons, or repair torn tendons [77, 79].
Rehabilitation is key for both conservative and
postoperative recovery from posterior impinge-
ment syndrome.

Acute rehabilitation of posterior impingement
syndrome should include restriction or modifica-
tion of activity, especially activities that cause
or increase pain. Use of NSAIDs, steroid injec-
tions, ice, elevation, compression, and possibly
immobilization in a short leg boot for those with
severe symptoms has also been reported by sev-
eral authors [79, 80]. Physical therapy recom-
mendations include initiating gentle stretching of
the gastrocnemius, soleus and FHL; joint mobi-
lizations; and gentle strengthening of the lower
leg muscles, including the deep foot muscles
involved in plantar flexion and ankle isometrics
[78, 81]. Pain-free cross-training activities such
as stationary bicycling or aquatic therapy are also
initiated [82].

Mid-phase rehabilitation focuses on joint mo-
bility throughout the foot and ankle, and flex-
ibility in the entire lower-extremity functional
chain. Strengthening should focus on medial and
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OS trigonum

Talus

Fig. 11.8 Os trigonum syndrome

lateral control throughout the entire range of mo-
tion from dorsiflexion to full plantarflexion in
both open- and closed-chain activities, as well
as deceleration strength of the ankle dorsiflex-
ors for managing dynamic stability in terminal
plantarflexion. Proprioceptive exercises are ini-
tiated to improve lower-extremity biomechanics
and stability [80, 83]. Ankle, foot, knee, or pelvic
malalignments are also corrected in this phase to
prepare for return to function [84, 85].

Return-to-function rehabilitation encompass-
es stretching and strengthening, which continues
from the previous phases with increasing diffi-
culty. The patient is slowly transitioned back into
his or her activities through functional sports pro-
gressions.

Significant efforts are undertaken in retraining
and technique modification for sport-specific ac-
tivities. Many authors state that technique faults
and/or compensations for poor flexibility, weak-
ness, and poor mobility contribute to increased
risk for (re)injury. Correction of these faults and
compensations is vital in preventing further in-
jury. A comprehensive lower-extremity and core
strengthening program with a neuromuscular re-
education program to correct any compensatory
strategies is essential to return to full activity
without recurrence of symptoms [83, 85].

If symptoms do not resolve with conserva-
tive care, arthroscopic surgery is recommended,
followed by physical therapy focusing on ROM,
progressive strengthening and stretching, and re-
turn to function as described above [86, 87].
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Sever’s Apophysitis

Calcaneal apophysitis is a common cause of heel
pain in children, most often in those who partici-
pate in sports such as soccer, basketball, track,
and other running or closed-chain impact activi-
ties. Once thought to be an overuse traction inju-
ry creating inflammation at the apophysis, due to
recent imaging techniques and studies, it is now
believed to be an overuse compression injury
leading to microfracture of the calcaneal apophy-
sis [81, 88-90].

In acute-phase rehabilitation, patients take
a brief period of rest from the aggravating ac-
tivities. Patients are rarely immobilized, except
for cases of severe and extreme pain. Modified
and pain-free activities are encouraged, includ-
ing cross-training exercises that do not aggravate
symptoms, such as swimming and stationary
bicycling. Patients are also advised to use ice,
NSAIDs, and elevation to alleviate pain. Heel
lifts or cushions are beneficial in helping to re-
lieve symptoms. Ice, heat, iontophoresis with
dexamethasone sodium phosphate, and Ketopro-
fen gel has been used in the management of pain
with some success [90, 91].

Mid-phase rehabilitation is recommended
to provide instruction and supervised exercises
and activities to restore flexibility, strength, and
function. Such activities include stretching of the
gastrocnemius and soleus complex, hamstrings,
quadriceps, and all other muscles found to be de-
ficient in flexibility in the lower-extremity kinet-
ic chain. Strengthening of the ankle dorsiflexors
and other foot and ankle muscles is also initiated
in mid-phase rehabilitation. Full lower-extremity
strengthening in both the open and CKC is initi-
ated, as tolerated by pain, in order to maintain
functional chain strength. Proprioception exer-
cises are also initiated, if tolerated, to prepare for
return to sport/function training [85, 91].

With return-to-function rehabilitation, the
therapist will continue stretching the lower-ex-
tremity kinetic chain, both static and dynamic, al-
though static stretching has been found to provide
better gains in flexibility than dynamic stretching
[91]. Strengthening of the kinetic chain continues

with progression to impact-type closed-chain ex-
ercises and activities that address specific weak-
nesses in the lower extremity and core. Progres-
sions to dynamic proprioceptive activities that
are more sport-specific are introduced. Once the
patient is pain-free, functional sports progres-
sions, especially for running, are initiated. Train-
ing to correct sport-specific techniques is crucial
in rehabilitation and return to sport, especially to
prevent reinjury. Correction of improper running
and jumping techniques is crucial to prevent re-
currence of symptoms [85, 91].

Conclusion

The rehabilitation of injuries to the posterior leg
is multifaceted and often aided by the clinical and
basic science literature. It is imperative that close
and frequent communication occurs between pa-
tient, physician, and rehabilitation professionals.
This team-based approach to treatment is partic-
ularly important for posterior leg injuries as the
diagnosis can be difficult, and options for treat-
ment often include specialized services that are
multidisciplinary in nature. We have presented a
review of injuries to the posterior leg and a dis-
cussion of corresponding rehabilitation plans.
We hope that this will be a valuable resource to
support your evaluation and treatment of patients
with muscular injuries to the posterior leg.
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Treatment of Posterior Leg
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Injuries

Ryan R. Woods and Jeffrey S. Brault

Introduction

This chapter will provide an overview of possible
risk factors for muscular injury, along with special
considerations outside of the normal muscular in-
jury diagnoses regarding lower limb musculature
within the populations of pediatrics, female gen-
der, the aging senior, and the previously injured/
disabled. The mentioned populations each have
their own variable intrinsic or extrinsic factors
that may subject them to injury to the posterior
lower limb; however, the biggest risk factor com-
mon to muscular injury is previous muscle injury.
Previous muscle injury, in conjugation with in-
sufficient rehabilitation, predisposes patients and
athletes to reinjury within the same region [1].
This predisposition may be due in part to altered
mechanical characteristics of the damaged mus-
cle following injury [2]. Therefore, it is impor-
tant that clinicians are not only aware of previ-
ous musculoskeletal injuries within their patient
populations but also provide adequate treatment
and rehabilitation. It is also vital for physicians
to educate and stress the importance of preven-
tion and tailor management to individual injuries,
patient limitations, and patient goals.
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Pediatric Population

Musculoskeletal system injuries within the pedi-
atric population can provide a unique challenge
to clinicians because of the many changes that
take place during the developmental years.

Growth and Development The changes that take
place in adolescents during the development,
affect the muscles, bones, tendons, and ligaments
in ways that predispose the pediatric population
to injuries less commonly seen in adults. Ten-
dons and ligaments are relatively stronger and
more elastic compared to the epiphyseal plates;
therefore, growth plate damage is more com-
mon in this group [3]. Those changes, along with
structural abnormalities related to genetic or birth
defects, can also predispose to injuries to the
musculoskeletal system.

During the growth period, muscle growth
lags behind bone growth. The gastrocnemius
muscle displays one of the most functional ex-
amples of injury due to muscle growth lag [4].
The gastrocnemius, soleus, and plantaris mus-
cles are the calf muscles that all conjoin and
form the Achilles tendon, which inserts in the
calcaneal apophysis. Given a child’s imbalance
of bone growth to muscle growth, the pediatric
population is set up for increased muscle tension
in the lower limbs due to structural changes dur-
ing development. Increased muscle tightness of
the gastrocnemius—soleus complex may there-
fore predispose adolescents to both muscle and
tendon strains, along with other injuries, during
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continual muscle activity [5]. This may also in-
crease a child’s risk for a certain apophysitis called
Sever’s disease [60]. Sever’s disease is not directly
related to injury of the calf muscle; however, the
calf muscles play a role in the disease process
through a traction apophysitis. Sever’s disease
typically affects children aged 9-11 years. The
patient’s presenting symptoms are usually bilat-
eral heel pain while running or toe walking [7].
Sever’s disease is very similar to Osgood—Schlat-
ter disease in which repeated microtrauma leads
to partial avulsion of the tendon insertion at the
developing apophysis. Due to the normally dense
and fragmented calcaneal apophysis normally
found in many children, radiographs are usually
not helpful in the diagnosis. Treatment includes
nonsteroidal anti-inflammatory drugs (NSAIDs),
padding of the heel, discontinuing wearing shoes
contributing to damage, stretching the heel cord,
and rest [7].

Also, during rapid growth, a tight gastrocne-
mius—soleus complex may cause a decrease in
dorsiflexion in an adolescent patient. This de-
creased movement may change the biomechan-
ics of the lower limb during function, for which
surrounding structures must compensate. This
alteration can, in turn, present increased risk
of excessive foot pronation (flat foot), anterior
ankle pain (impingement), and medial foot pain
(plantar fasciitis) [4]. Anatomic or structural dif-
ferences have been theorized to contribute to
overuse injuries. Common conditions like pes
cavus, pes planus, and calcaneal valgus may play
a role in some injuries [3]. There are conflicting
data about whether or not structural differences
within the lower extremity lead to increased soft
tissue injury. For example, a recent study dem-
onstrated that muscle function of the gastroc-
nemius—soleus complex differed between indi-
viduals with low- and high-arched feet. Results
reflected that the soleus muscle in a proportion of
the subjects with low-arched feet showed a pat-
tern of working harder during the forefoot load-
ing phase when compared to subjects with high-
arched feet [8]. These results only demonstrated
trends, as no significant differences could be as-
sessed between the two groups; nevertheless, this
may show evidence that structural variation may

play a role in muscle function and injury. Con-
versely, studies have demonstrated no increased
risk of lower limb overuse injury with pes planus
or limb length inequalities [9, 10]. It is clear that
further longitudinal studies sampling a variety of
populations need to be done to assess better the
issues of calf injury related to lower limb struc-
tural abnormalities.

Compartment Syndrome Chronic compartment
syndrome has also been shown to occur in young
athletes due to muscle hypertrophy and is com-
monly seen while running [3]. Pain, numbness,
and tingling, associated with athletic activity,
are often the presenting symptoms. Compart-
ment syndrome can be both acute and chronic
with acute development raising the potential of a
medical emergency.

Growing Pains Pain in the lower limbs of a
growing child can be a common complaint with
a multitude of etiologies. A very common diag-
nosis, yet one of exclusion, for lower limb pain
in children is growing pains. Growing pains usu-
ally begin in children aged 4-12 years [11, 12]
and are described as bilateral musculoskeletal
pains affecting the lower limbs, primarily the
calf and thigh muscles. The etiology of growing
pains is not known, and although they occur in
growing children, they are not caused by growth.
Pains do not occur at the sites of growth, do not
affect the growth of children, and do not over-
lap with periods of growth [11]. Parents have
commented on increasing episodes of pain after
periods of increased physical activity. Other eti-
ologies including fatigue, postural abnormalities
related to orthopedic abnormalities, overuse, and
restless leg syndrome have been proposed. Pains
are described as crampy or restless in legs of
older children aged 612 years [11]. Pains usu-
ally occur during the evenings and may interrupt
sleep, being severe enough to induce crying in
young children. Symptom-free periods range
from days to months. Pains are generally relieved
by massage, heat, or analgesics such as acet-
aminophen or ibuprofen. The pains do not alter
normal activity or movement and are not specifi-
cally linked to joints. The differential diagnosis
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for pains in the lower extremity is extensive; it is
important to rule out all other possibilities before
designating calf and thigh pain as growing pains.
Serious conditions that must be ruled out when
considering a diagnosis of growing pains include
but are not limited to trauma, tumor, infection,
osteonecrosis, and vascular pathology [11]. The
natural history of growing pains is a benign one.
The pain is treated symptomatically and will sub-
side eventually within a year or two of onset as
the child matures [11]. If symptoms progress to
a point that they affect movement or activity, or
involve worsening pain, pain during the day or
activity, or if the child becomes ill, it is important
to get a full workup to either exclude or diagnose
a more serious cause of the pain.

Viral Myositis Relative to other populations, the
pediatric population can be more susceptible to
viral myositis. There have been cases of myositis
during outbreaks of influenza A and B [7]. Viral
myositis is a benign, self-limiting illness that
presents with muscle pain, tenderness, and some-
times swelling. The calf muscles of the lower
limb are most commonly affected. Children will
present with refusal to walk on their toes, and
their calf muscles will be tender to palpation. It
is possible for muscle enzyme to elevate up to
20-30 times the normal; however, myoglobinuria
and acute renal failure have not been reported [7].
Muscle biopsy is not needed to diagnose viral
myositis, but it does reveal evidence of muscle
necrosis and muscle fiber regeneration. As stated
previously, viral myositis is self-limiting, and
recovery is seen in 3—10 days with resolution of
the elevated muscle enzymes within 3 weeks [7].

Neuropathy/Myopathy

Cerebral Palsy Cerebral palsy (CP) is a neuro-
logical disorder causing lesions of the brain dur-
ing development that can lead to impairments
of the neurological and musculoskeletal system,
usually manifesting as spasticity, dystonia, mus-
cle contractures, bony deformities, incoordina-
tion, and muscle weakness [13]. Spastic muscles
undergo significant changes during development,

often undergoing shortening to create muscle con-
tractures, leading to joint contractures, decreased
range of motion (ROM), and increased tone and
stiffness [14, 15]. This sequence can lead to loss
of function of the affected skeletal muscles and
limb movement with declining functional ability
over time. The lower limbs of children with CP
and the muscles responsible for locomotion are
often affected.

There have been conflicting reports regarding
the physiological and structural changes within
the affected skeletal muscle of CP patients. A
commonly cited study conducted by Malaiya
et al. showed the medial gastrocnemius of CP
children aged 412 years to have a reduced phys-
iological cross-sectional area, but no significant
difference in fascicle length when compared to
typically developed matched children [16]. This
study took into account muscle volume, fascicle
length, and pennation angle. A more recent study
used ultrasound to study skeletal muscle in chil-
dren aged 2-5 years with hemiplegic and diple-
gic spastic CP [14]. The results reflect medial
gastrocnemius muscle volumes were 22 % less in
the group with spastic CP than in the typically de-
veloped group. Results reflected a significant dif-
ference between volumes, but no significant dif-
ferences in fascicle length or pennation angle at a
neutral ankle angle. However, changes were seen
with plantar flexion in the later measures [ 14].

The study theorized that the change in muscle
volume and physiological cross-sectional area
(PCSA) were due to a reduced number of muscle
fibers in parallel and decreased muscle fiber in a
cross-sectional area [14]. Spastic muscles in chil-
dren with CP have also been shown to have al-
tered fiber sizes and fiber type distributions [15].
This may also contribute to the varying muscle
volumes seen in CP patients.

Conversely, studies using magnetic reso-
nance imaging (MRI) and ultrasound to assess
lower limb muscles in children affected by CP
demonstrated a decrease in mean muscle volume
of six major lower limb muscles as a whole (by
18 %) in CP patients. In spite of this, there was no
significant difference in muscle volumes of the
gastrocnemius and soleus specifically. However,
in these studies the gastrocnemius muscle length
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was significantly reduced in CP patients. There
was also evidence that suggested the Achilles
tendon of patients with CP was longer, with a
smaller cross-sectional area [13, 15].

Regardless, these studies suggest children
with CP display muscle growth alterations that
can decrease the volume and length of the gas-
trocnemius muscles; this, in turn, reduces the
maximal muscle force production of the affected
limbs and muscles and contributes to the func-
tional limitations that these children display.
Recent studies have demonstrated that muscle
properties of children with CP may be altered at
the cellular level [15]. Therefore, both structural
and cellular alterations may affect the mechani-
cal performance of skeletal muscles in children
with CP. It is important for clinicians to be aware
of these structural changes to better assess and
treat patients affected by CP.

There will be a need for longitudinal studies
of the natural history of muscle growth during
development of CP patients, taking into account
the extent of the brain lesions, the degree of
motor impairment, and the level of functioning in
relation to muscle structure properties in spastic
CP patients [14].

Duchenne Muscular Dystrophy Duchenne mus-
cular dystrophy (DMD) is a fatal, X-linked mus-
cle-wasting disease seen in male patients caused
by the absence of the membrane-associated cyto-
skeletal protein dystrophin, due to mutation of
the dystrophin gene. DMD is characterized by
the progressive loss of contractile function, mus-
cle weakness, and progressive degeneration of
muscle tissue with replacement by noncontractile
fat and connective tissue [17]. DMD onset is usu-
ally around 3-5 years and usually presents with
intellectual impairment, in addition to speech and
motor delays. Fast-twitch fibers are particularly
susceptible to myopathy with DMD [18]. The
muscle involvement is bilateral and symmetri-
cal and normally affects the lower limbs first.
A common finding is pseudohypertrophy of the
gastrocnemii, in which they appear to be larger
than normal but exhibit progressive muscle
weakness [17]. DMD generally affects the proxi-
mal muscles more than the distal ones; however,

the gastrocnemii are normally involved. Affected
muscles are more prone to injuries occurring
with repeated strain, including repeated length-
ening, or eccentric contractions of sufficient load
and frequency to induce fatigue injury in skeletal
muscles. The load magnitude required to induce
muscle damage with repeated eccentric contrac-
tions in DMD patients is much lower than that of
typical normal muscles [18]. The absence of dys-
trophin renders muscle cells more vulnerable to
damage by mechanical stress, possibly through a
more injury-susceptible sarcolemma [17]. Along
with increased susceptibility to injury, muscle
repair in DMD patients is ineffective. One theory
is that multiple rounds of degeneration and regen-
eration deplete the satellite cell pool responsible
for muscle regeneration [17]. Therefore, patients
diagnosed with DMD are at higher risk for mus-
cle injury and damage than the general popula-
tion, including distally affected muscles such as
the gastrocnemii. Clinicians should be aware of
the possibility of DMD in pediatric patients who
present with calf complaints, including bilateral
hypertrophy associated with delays or difficulty
in ambulation.

Idiopathic Toe Walking

Idiopathic toe walking (ITW) is a gait abnormal-
ity illustrated by persistent toe walking without
a normal heel-to-toe pattern, caused by an un-
specific etiology. Toe walking is part of develop-
mental ambulation and considered fairly normal
in children, less than 2 years of age, learning to
walk. Continued toe walking beyond the age of
2 years, however, warrants further investigation,
as toe walking can be an early sign of a develop-
mental disorder [19].

Toe walking usually presents bilaterally, and
after 2 years of age is considered idiopathic if
there is no discernible cause. Possible etiolo-
gies of ITW have been hypothesized to be due
to structural differences within the Achilles ten-
don or difference within the fiber type of the
gastrocnemius; however, the etiology remains
largely unknown [19]. There are limited data
surrounding the natural history of ITW. Studies
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show various outcomes, including both the im-
provement of gait to normal heel-to-toe pattern,
along with other cases showing no improvement.
Management includes nonoperative treatments,
including physical therapy along with bracing,
splinting, casting, and stretching. Surgical treat-
ments include lengthening of the triceps surae
group via percutaneous Achilles tendon length-
ening, or invasive lengthening of the gastrocne-
mius muscle itself [19].

Observation for children less than 2 years of
age who are learning to walk is the best initial
treatment for toe walking. However, clinicians
must be aware of possible etiologies and condi-
tions associated with toe walking, which must be
investigated further if toe walking persists, wors-
ens, or becomes associated with other symptoms
during child development.

Female Population

Gender roles affecting the musculoskeletal sys-
tem have been a topic of interest. Hormones, in
addition to contributing sexual characteristics
and function in females, have been shown to play
a role in many other tissues and organs. Of inter-
est to the scope of this chapter, estrogen has been
shown to have effects on skeletal muscles, possi-
bly providing for a difference in gender regarding
the regulation and function of the musculoskel-
etal system.

Hormonal Influence Estrogen has been shown
to influence many aspects of muscle physiology
and function, along with potentially influenc-
ing muscle damage, inflammation, and repair
[20]. There have been a number of mechanisms
thought responsible for the ability of estrogen
to have such an influence, including antioxidant
properties, possible membrane stabilization, and
inhibition of neutrophil and leukocyte infiltration
during the post-damage inflammatory response
[20].

A number of animal studies have demonstrat-
ed the possible protective effect of estrogen on
skeletal muscles, specifically the gastrocnemius
muscle in rats undergoing acute muscle strain in-

jury. One particular study used plasma creatine
kinase (CK) as a marker of muscle damage, and
compared the levels of CK in different groups of
female mice that were ovariectomized and exog-
enously treated with variable dosages of estradi-
ol. The results reflected a decreased rise in serum
CK after muscle strain in the rats with intact ova-
ries and ones receiving estrogen administration.
The study also followed indices for antioxidants
and muscle regeneration. Researchers concluded
that estrogen provided protection from primary
stretch injury, possibly through membrane sta-
bilization, and from secondary muscle damage
through antioxidation [21].

Hormonal Imbalances It has been shown that
female athletes with sports-induced amenorrhea
or oligomenorrhea have decreased serum lev-
els of estradiol [22]. Therefore, this population
of females may not benefit from the protective
influence that estrogen may have on skeletal
muscles, thereby increasing their risk for muscle
damage and impaired muscle regeneration.
Similarly, postmenopausal females, who are
not on hormone replacement therapy (HRT),
have decreased levels of serum estrogens. It is
possible that this population would also not ben-
efit from estrogen influence on muscle damage
and repair and be at an increased risk for injury.
An animal study [23] tested the effects of estro-
gen administration on immobilization-induced
soleus muscle atrophy in male rats. Researchers
found that compared to the placebo group, estro-
gen treatment significantly reduced muscle atro-
phy by 35 % after 10 days of immobilization.
HRT is widely known and used to protect
females against osteoporosis. Studies raise the
question of the protective effect that estrogen has
on the muscle and if estrogen therapy may have
a role in age-related muscle atrophy in the post-
menopausal population. A double-blind study
tested this theory on women aged 50-57 [24].
The subjects were randomly assigned to groups
that consisted of exercise alone, HRT, HRT +
exercise, and a control group. Among their mea-
sured outcomes were lean tissue cross-sectional
areas of the quadriceps and lower leg muscles.
The results of the study showed a significant



146

R.R.Woods and J. S. Brault

increase in lean cross-sectional area of the quad-
riceps and lower leg muscles in the HRT group
when compared to the control. The exercise alone
and the HRT + exercise also showed increases in
lean tissue mass of the quadriceps and lower leg
muscles, with the HRT + exercise group having
the highest increase of all the groups [24]. This
study demonstrated that HRT has an influence on
muscle mass. The results support the notion that
estrogens play a beneficial role in muscle main-
tenance. However, further studies are needed to
define a mechanism and clinical significance for
the possible protective effect estrogen has on
muscle atrophy.

Gender Kinematics Gender differences not only
include hormonal differences, but also structural
and possible kinematic differences. For example,
it has been well documented that female athletes
are at increased risk for anterior cruciate ligament
(ACL) injury compared to their male counter-
parts. A recent study set out to find differences
involving kinematics as a possible contributing
factor to increased ACL injuries in female ath-
letes [25]. The study demonstrated a surprising
difference in gastrocnemius muscle activity in
female soccer players compared to their male
counterparts during specific maneuvers. Female
subjects demonstrated greater activation of lat-
eral and medial gastrocnemius activity compared
to the males; furthermore, researchers found that
the female athletes had a mediolateral muscle
imbalance, with the lateral gastrocnemius being
more active than the medial gastrocnemius. This
was one of the first studies to demonstrate a gen-
der difference in muscle activity and an imbal-
ance within the gastrocnemius of females during
specific maneuvers [25]. Although the target of
this study was to identify risk factors for ACL
injury, it may have provided evidence for kine-
matic differences between males and females
regarding muscle function that may influence the
risk of muscle strain or overuse injuries. Further
studies are warranted to investigate the possibil-
ity of different kinematics and the clinical signifi-
cance they may have. However, clinicians should
be aware of possible differences when assessing
and treating females for activity-induced injury.

Pregnancy Many changes across many organ
systems take place during pregnancy. Of inter-
est to the scope of this chapter are the possible
effects that take place within the lower limb mus-
culature.

Many conditions, as well as medications, can
predispose to cramping. Cramps are not specific
to any gender or population; however, pregnant
women have been shown to have a somewhat in-
creased frequency of cramping compared to the
general population, especially during the later
months [26, 27]. Cramps are painful, involuntary
contractions of skeletal muscles, normally affect-
ing the muscles of the lower limb, specifically
the calf muscles. They can affect people of any
age and gender and occur at any time of the day.
Muscle cramping typically has a sudden onset
with resolution within 10 min.

Clinicians should be mindful that pregnant
woman may be more prone to muscle cramp-
ing and provide education, therapy, and pos-
sible prevention through nondrug interventions
such as stretching, massage, exercise, changes
in footwear, and reassurance [27]. There are also
medications to treat severe cramping; however,
any drug therapies should be discussed with the
patient’s obstetrician/gynecologist (OB/GYN),
as certain medications may pose a risk to the
pregnancy.

Disuse atrophy is a common concept sur-
rounding muscular function. Research shows
that bed rest induces many physiologic changes,
including changes to the musculoskeletal system
[28]. Muscles of the lower limb are most suscep-
tible to bed rest-induced disuse atrophy. A study
set out to investigate the effects of bed rest on
the gastrocnemius muscle of pregnant woman.
Results reflected that woman put on antepar-
tum bed rest for a mean of 24.8 days underwent
changes in muscle metabolism measured by
muscle tissue oxygenation and deoxygenation.
It was determined that the length of time for the
gastrocnemius muscle to reoxygenate after exer-
cise correlated with muscle deconditioning. They
found that reoxygenation time significantly in-
creased from the time the patient was admitted
and put on bed rest until discharge. Patients were
followed for 6 weeks postpartum. Patients also
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self-reported symptoms of muscle decondition-
ing that included leg muscle soreness, fatigue,
cramping, and muscle tears [28]. The research-
ers found that reoxygenation time decreased dur-
ing the 6 weeks postpartum following exercise,
demonstrating the belief that muscle atrophy
occurs during antepartum bed rest and recovers
during the postpartum and remobilization [28]. It
is important for clinicians to be aware that bed
rest patients—including, but not limited to preg-
nant patients—may be prone to muscle injury
upon ambulation and weight-bearing following
a prolonged bed rest. Specifically at risk are the
lower limb muscles in charge of postural control
and ambulation. Postpartum physical therapy
targeting the lower limb, specifically the gastroc-
nemius and soleus, may provide prevention of
injury and aid in a quicker recovery of strength,
balance, and mobility.

Aging/Senior Population

The aging population today is not only living
longer but also staying active longer as well. The
increase in the aging population, along with the
interest in continued physical function and exer-
cise, is resulting in increasing risk of musculo-
skeletal injuries to the senior population.

Aging-Related Muscle Effects Aging affects the
body across many systems. The purpose of this
section is to provide an overview of the effects
aging has on muscle, injury, and frailty within
the aging population. It is well known that aging
causes a decrease in muscle mass and muscle
strength, therefore, decreasing muscle function.
Sarcopenia is the term used to describe muscular
changes occurring during the aging process. Sar-
copenia leads to an increase in physical frailty,
affecting mobility and increasing risk for falls
and other musculoskeletal injuries. Peak perfor-
mance and muscle mass start to decline during
the third decade of life, with an average loss of
15% of muscle mass between the ages of 30 and
60 and an average loss of 30% after the age of
60 [29]. Both the decrease in total muscle fibers
and the decrease in the cross-sectional area of the

remaining fibers contribute to the loss of muscle
mass in the aging population [30]. These losses
in muscle fiber number and mass decrease both
strength and stamina as one ages. Interestingly,
studies show that type two muscle fibers are dis-
proportionally decreased when compared to type
one muscle fibers [29]. Literature seems to show
conflicting data regarding the changes made to
muscle fibril length and pennation angle in the
aging process; however, it is clear that muscular
function declines with age.

Muscle injury occurs most frequently with
lengthening or eccentric contractions. Ultrasound
evidence has shown mechanical damage within
and between sarcomeres during contraction-in-
duced muscle injury [30]. Animal studies have
shown evidence suggesting that muscles of older
rats are more susceptible to injury than those of
younger rats, partly because aged sarcomeres are
mechanically compromised relative to younger
muscle, and therefore not as able to withstand
stretch [30]. This idea of increased injury sus-
ceptibility due to stretch describes the potential
mechanical difference in contractile proteins
between young and old, therefore increasing the
risk of injury in the aging population. Other stud-
ies regarding sarcomere function have hypoth-
esized that there is an increase in the number of
weak sarcomeres in series of myofibrils. This
imbalance of sarcomeres may result in increased
risk of injury during stretch and would again
suggest that aged muscles are more susceptible
to damage [30]. Recovery from injury has also
been shown to be an issue affecting the muscles
of both older animals and humans alike. This
should also be taken into consideration follow-
ing the acute injury and rehabilitation of a senior
patient. Animal studies have suggested that the
environment surrounding aging muscle lacks or
has decreased factors important to the regenera-
tion of muscle, possibly involving the activation
satellite cells [30].

Regarding the gastrocnemius specifically,
studies have shown both a decrease in muscle
force and muscle cross-sectional area of the lat-
eral head of the gastrocnemius in men with an
average age of 73.8 years, compared to young
men with an average age of 25.3 years [31].
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The selective atrophy of type two fibers, along
with decreased fiber tension, is thought to play
the biggest role in the decreased muscle force
production. The study demonstrated a greater
loss in cross-sectional area than fascicle length,
thereby suggesting the difference in volume be-
tween young and old muscles may be due to a
decrease of sarcomeres in parallel rather than in
series. The study also found that the pennation
angle was 12 % smaller in elderly men. The study
goes on to say that it is also likely that both in-
creased intramuscular connective tissue and fat,
along with denervated fibers, contribute to the
decrease in muscle force production in the se-
nior population [31]. Along with intrinsic muscle
changes, the study also considered that reduced
physical activity plays a role in reduced muscle
mass and force. A different study comparing the
muscle architecture showed no significant dif-
ference in pennation angle or relative (to limb
length) muscle thickness of the medial gastroc-
nemius in young and elderly patients; however, a
significantly smaller absolute muscle cross-sec-
tional area was seen [32]. Interestingly, this study
showed a greater loss in muscle thickness of the
knee extensor muscles than the plantar flexors.
This may be due in part to the higher activation
level of the plantar flexors during normal loco-
motion, which may again show decreased physi-
cal activity being a component of age-related
muscle changes.

Aging Biomechanical Effects on Muscle In addi-
tion to intrinsic muscle changes, biomechanical
differences between young and old may con-
tribute to injury. A recent study investigated the
kinematics in runners aged 55-65 compared to
younger runners of 20-35 [33]. Researchers
used both self-selected and controlled speeds to
assess. The study showed that the older group
displayed a larger impact force and initial load-
ing rate than the younger group. Results also
showed at both speeds, the older study group
demonstrated differences in knee flexion at heel
strike along with differences in total knee flexion
and extension ROM. The larger impact forces are
thought to be due to the loss of shock-absorbing
ability in the aged runners, due to the musculo-

skeletal degeneration of aging. It was also noted
that the older runners had a significantly shorter
stride than the younger runners, thereby allow-
ing an increased frequency of repetitive forces on
the lower extremities compared to their younger
counterparts. It is possible that these changes in
biomechanics and musculoskeletal properties
make the elderly population more susceptible to
overuse injuries within the lower extremity [33].

Injury Prevention Muscle decline with aging
is evident. However, studies have shown that
low-impact exercises and stretching, along with
proper nutrition, can be beneficial to the age-
related declines in muscle mass, strength, and
function and increased susceptibility to injury.
Studies have demonstrated that regular heel raise
training not only improved muscle mass in the
soleus and gastrocnemius in woman aged 60—79
years but also improved posture control and bal-
ance [34, 35]. Furthermore, this training was easy
to perform within this population. Along with
improvements in muscle secondary to weight-
bearing exercise, passive stretching has been
shown to be beneficial in the prevention of con-
traction-induced injuries [30]. Mice exposed to a
conditioning protocol of passive stretching prior
to undergoing a lengthening contraction protocol
showed a decreased number of damaged fibers 3
days post contraction protocol compared to mice
that did not undergo the conditioning protocol
[30]. The passive stretching also proved to be
non-damaging to the muscle; therefore, this study
concluded that conditioning muscle with passive
stretching exercises can be a safe and effective
way to decrease the risk of injury within the
aging population [30].

Additional Aging Changes Studies have shown
that proper nutrition and hormone replacement
may act as preventive/protective methods to
maintain muscle health in the senior population.
As estrogen has shown some protective mus-
cular effects, studies have demonstrated that an
increase of serum testosterone in elderly men
correlated with the preservation of muscle thick-
ness in the gastrocnemius at 6 months when com-
pared to the placebo group, suggesting that there
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is a possible hormonal influence on the muscu-
lar aging process. The authors concluded that
the effects of testosterone most likely halted or
slowed the decrease in muscle architecture, but
did not cause hypertrophy of the muscles them-
selves due to lack of major changes in the penna-
tion angle and fascicle length of the muscle [36].
Nutrition has also been shown to affect muscle.
Malnutrition has been correlated with lower
muscle mass and strength, along with changes
in metabolic properties of elderly patients [37].
Nutritional repletion could be a very easy correc-
tive means to improve muscle function within the
elderly population.

Calf Pain Muscle strain is one of the most com-
mon lower extremity injuries; furthermore, most
muscle strain injuries involve the gastrocnemius—
soleus complex. The majority of aging athletes
who present with acute pain in the calf region suf-
fer from a tear that involves the medial gastroc-
nemius. This injury is usually due to an eccentric
contraction during dorsiflexion accompanied by
knee extension, and has been termed tennis leg.
Due to its biarticular structure and dominance of
type two muscle fibers, the gastrocnemius is at
greatest risk for this type of injury. In addition to
common muscle strains, other injuries to consider
in the aged patient presenting with lower leg/calf
pain include: stress fractures, shin splints, com-
partment syndrome, arthritis, both a ruptured and
unruptured Baker cyst, claudication secondary to
peripheral vasculature disease, deep vein throm-
bosis, and drug-induced conditions including
myopathy secondary to statin drug therapy and
other interactions [29].

In conclusion, further studies are needed in
order to better understand the mechanisms and
results that aging has on the musculoskeletal sys-
tem. The aging effects on the musculoskeletal
system are largely irreversible; however, with a
proper understanding of the changes taking place
during the aging process, in combination with
potential muscle-preserving techniques, clini-
cians may improve function with the elderly pop-
ulation, decrease injury risk, and help to maintain
a higher quality of life within our ever-increasing
aging population.

Disabled/Previously Injured

Spinal Injuries Injuries to the spinal cord have
obvious detrimental effects to the musculoskele-
tal system. Lower extremity paresis and resultant
muscle atrophy are debilitating complications
following a complete spinal cord injury.

The study of incomplete spinal cord injury
and its effects on the musculoskeletal system is
not as well defined, even though this population
accounts for 51 % [38] of new spinal cord inju-
ries.

Researchers have studied the extent of lower
extremity muscle atrophy following an incom-
plete spinal cord injury using MRI to compare
the difference in muscle cross-sectional area be-
tween patients with incomplete spinal cord injury
and age-, sex-, height-, and weight-matched con-
trols [38]. Furthermore, researchers divided the
injured patients into those who use a wheelchair
for mobility and those who use other means of
assisted mobility if needed. Not surprisingly, re-
sults revealed significant atrophy of the lower
extremity muscles—mean loss of 24-31 % in the
injured group compared to the controls—with
greater atrophy of the posterior compartment of
the lower leg when compared to the muscles of
the thigh. The degree of muscle atrophy in the
study patients with incomplete injuries compared
to the reported atrophy of patients with complete
spinal cord injuries was much less, almost half. It
is thought that the partial preservation of motor
control during incomplete spinal cord injury al-
lows variable activation of spared muscle groups.
Atrophy after a spinal cord injury occurs due to
both the initial injury to the motor neurons and
the subsequent inactivation of the innervated
muscles.

This idea of variable activation of spared
motor neurons and muscle atrophy was sup-
ported when the study divided the group into
wheelchair and non-wheelchair users. It was
found that the wheelchair-user group had greater
atrophy of the plantar flexor muscles and showed
a significantly greater amount of atrophy in the
medial gastrocnemius, with no significant differ-
ences in the thigh musculature, when compared
to the non-wheelchair group [38]. It was thought
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the greater amount of atrophy was due to the fact
that weight-bearing and mechanical loading on
the lower extremity of the wheelchair group was
less, as the ability to walk would be more dif-
ficult compared to an individual who uses a dif-
ferent form of assistive device such as a walker
or crutch. In addition, it was suggested that the
flexed position of the knee for extended periods
in the wheelchair group could have contributed
to shortening of the gastrocnemius muscle, re-
sulting in increased atrophy when compared to
the non-wheelchair group [38].

This study demonstrates that an incomplete
spinal cord injury will result in muscle atrophy
of the affected segments with risk of the greatest
atrophy in the musculature of the posterior lower
limbs. Atrophy may also be variable, depend-
ing on the extent of injury and number of spared
motor units, allowing for preservation of some
weight bearing and mobility. Furthermore, these
results may suggest that any individual walking
with any assistive device allowing for decreased
loading on the lower extremities may suffer from
mild atrophy of the lower limb musculature. Di-
rect injury to the spinal cord is not the only mech-
anism by which muscle atrophy of the lower limb
can occur. Lumbosacral stenosis can cause radic-
ulopathy that may present with multiple symp-
toms, one of which can be muscle atrophy of the
nerve-root distribution [39]. During the treatment
process it is important to at least consider the pos-
sibility of either present atrophy or future atrophy
in the lower limb in a patient presenting with a
lower lumbosacral radiculopathy.

Although much more rare than neurogenic
muscular atrophy, muscle hypertrophy can be a
complication of denervation. Interestingly, most
neurogenic hypertrophies involve the calf mus-
cles and, when occurring unilaterally, are usually
caused by an S1 radiculopathy [39]. When occur-
ring bilaterally, etiologies such as anterior horn
cell disease or polyneuropathy can be considered.
The majority of pathologic muscle hypertrophy
is due to myopathic disorders; however, there are
other causes, including inflammatory myopathies
and muscle infiltration from such things as neo-
plasm that could be the etiology [39].

It is important for clinicians to be aware of the
variability in muscle response due to changes in

innervation, whether due to spinal cord injury,
spinal stenosis, peripheral nerve injury, or stroke.
Being aware of the possible causes and effects
of given injuries and the muscle responses that
follow will help clinicians provide better rehab
strategies, thereby reducing the risk of subse-
quent musculoskeletal injuries.

Amputee Unilateral lower extremity amputees
suffer from biomechanical variations during gait
and may be predisposed to injury to their non-
injured lower extremity. An article studying the
soft tissue injuries to US Paralympians showed
that athletes who used unilateral lower extrem-
ity prostheses suffered from an increase in ankle
injuries compared to other populations [40].
This study also cited articles demonstrating dif-
ferences in asymmetry and force production in
the non-impaired lower extremities of amputee
patients compared to normal controls. It would
make sense that altered biomechanical proper-
ties of gait due to injury must be balanced by
increased effort within remaining intact struc-
tures. A recent study looked into the co-contrac-
tion patterns of the ankle and knee musculature
of transtibial amputees. Results reflected that
compared to normal control groups, there was an
increase in co-contraction levels of ankle mus-
culature, including the medial gastrocnemius,
within the intact limbs of amputees during the
majority of the gait cycle. This mechanism was
thought to be a compensatory strategy to provide
additional stability and support during locomo-
tion [41]. Prosthetic devices have come a long
way and allow for an improved quality of life in
many amputee patients; however, they are not
biomechanically equal to the human ankle. Para
athletes are becoming increasingly more active,
and in doing so they are pushing their prosthe-
ses to perform at higher levels. Researchers have
shown an increase in ankle injury during run-
ning when compared to walking. This suggests
that there is a difference in force production and
mechanics during variable gait speeds and that
prosthetics set up for lower-energy motion may
not be adequate for running or higher levels of
activity, and therefore increase risk of injury [40].
Furthermore, technological advances in lower
limb prosthetics will provide for an increase in
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energy-storing ability of the prosthesis, and could
possibly increase the force that develops around
the musculature and joint of the non-impaired leg
that may predispose to further injury in the nor-
mal lower extremity [40].

Altered biomechanics and the increase in load
and activity seen in the intact limb of amputees put
this population at risk for additional muscular in-
juries. Clinicians must be aware of the importance
of proper fitting and tailoring of prosthetics to
patient-specific activities to help reduce the stress
on the non-prosthetic lower extremity and help
improve overuse injuries within this population.

Altered Biomechanics Overuse injuries due to
gait are not only a concern within the amputee
population. A recent study demonstrated that vari-
able gait patterns within the general population
can be a factor for lower limb overuse injuries.
The study showed that patients who had less foot
pronation during heel strike, along with a more
lateral roll-off, were at increased risk for lower
limb overuse injuries [42]. Alternatively, another
proposed hypothesis for increased risk of overuse
injury is excessive foot pronation; there is evi-
dence to both support and reject foot pronation as
a cause for increased lower limb injury [43]. The
intrinsic factors contributing to these variable
gait patterns and injury are unclear [42]. None-
theless, it is important for physicians to be aware
of the possible biomechanical issues affecting
lower limb function and predisposition to injury.
Clinicians should take the time to observe gait in
their patients and provide any additional therapy
to increase support and decrease stress within the
musculature and joints surrounding the lower
limb through taping or orthotics [44].

Conclusions

Muscular injury plagues people of all ages. This
chapter highlights some of the specific issues
concerning gastrocnemius muscle injury or dys-
function within the given populations of pediat-
rics, female gender, aging seniors, and the pre-
viously injured/disabled. Clinicians need to be
aware of the intrinsic and extrinsic differences
between their patients that may render them more

susceptible to injury or muscular issues outside
the normal diagnoses. Much research still needs
to be done to assess mechanisms for and clini-
cal relevance of many topics previously covered
within this chapter. Nonetheless, it is important
for clinicians to be aware of differences across
patient populations. A better understanding of
possible etiologies and issues unique to individu-
al patients and patient populations leads to better
care and patient quality of life, which is some-
thing valued across all populations.
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Introduction

Complementary treatments for musculoskel-
etal injuries commonly include manual therapies
such as traditional Chinese medicine (TCM), os-
teopathic manipulation, chiropractic medicine,
naprapathic medicine, massage therapy, injection
therapies, and transdermal modalities. Many of
these treatments have been used for years, in some
cases thousands of years, as an alternative to stan-
dard treatments. However, the evidence for these
modalities is often only anecdotal at best due to
lack of high-quality studies. Despite years of use
with success in patients, the surge in evidence-
based medicine has maligned these treatments
due to the lack of evidence. However, it should
be noted that even some standard therapies lack
high-quality evidence, but continue to be used
due to tradition. Nonsteroidal anti-inflammatory
drug (NSAID) use for chronic tendonitis is one
example [1, 2]. But, just because the studies are
lacking it does not mean these therapies are not
effective. One underlying commonality with all
of these complementary treatments is the effect
on the fascia through physical intervention. For
years, researchers have tried to develop blinded,
placebo-controlled, randomized trials. However,
trying to develop a placebo for physical interven-
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tions like touch or the insertion of an acupuncture
needle is difficult. Sham treatments used as pla-
cebo still have the physical interaction between
patient and practitioner, and may have some ef-
fect. Even more difficult is trying to blind the re-
searchers and study subjects to the physical inter-
ventions. However, research on the fascia, as well
as the biology of manual therapies [3], is giving
insight into how it affects muscle function, vas-
cular function, and nerve function. This chapter
gives a brief history of complementary medical
philosophies and looks at their role in the treat-
ment of posterior lower extremity injury.

Osteopathic Medicine

Andrew Taylor Still, MD, developed osteopathic
medicine in the late 1800s in response to seeing
and experiencing the limitations and side effects
of traditional medicine during his time. He cut
ties with the allopathic profession and founded
the first school of osteopathic medicine in 1892
in Kirksville, Missouri [4]. Today, the osteopath-
ic philosophy is a “concept of health care sup-
ported by expanding scientific knowledge that
embraces the concept of the unity of the living or-
ganism’s structure (anatomy) and function (phys-
iology)” [4]. Osteopathic philosophy emphasizes
the following principles: the human being is
a dynamic functional unit, the body possesses
self-regulatory mechanisms and is self-healing
in nature, structure and function are reciprocally
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interrelated at all levels, and rational treatment is
based on these principles [4].

Somatic dysfunction is an impaired or altered
function of related components of the somatic
system: skeletal, arthrodial, and myofascial struc-
tures, and related vascular, lymphatic, and neural
elements [5]. This is a very broad term, and can be
applied to a wide variety of problems. However,
not all somatic lesions are somatic dysfunctions.
A somatic dysfunction must be amenable to treat-
ment [5]. Osteopathic manipulative treatments are
used to treat somatic dysfunctions that may be im-
peding the self-regulatory mechanisms. Somatic
dysfunction is diagnosed using specific criteria,
often abbreviated as TART [5]. This stands for
tissue texture change, asymmetry, restriction, and
tenderness. Tissue texture changes can be appreci-
ated when soft tissues, including skin, fascia, and
muscle, undergo palpable changes. Asymmetry
can be appreciated in bones or other structures
when one side is compared to the other. Restriction
within the bounds of normal physiologic motion,
in one or more planes, can be appreciated in the
minor motions of a joint. Tenderness on palpation,
usually greater than expected for a given area, can
be appreciated over areas of somatic dysfunction.

Of course, Still’s idea of manual medicine was
not new, and his use of spinal manipulation had
many precedents [4]. But, it was his organization
of these previous concepts into one sound school
of thought that made osteopathic medicine stand
out among the other alternative medical philoso-
phies of the time. He did not teach his students
techniques, but rather urged them to study, test,
and improve upon his ideas. Most of the tech-
niques used in osteopathic manipulation were ac-
tually developed by his successors. Researchers,
notably Irvin Korr, PhD, eventually were able to
back up his claims with scientific investigations
that provided physiologic evidence of the somat-
ic dysfunction [4]. This eventually distinguished
it from its manually based cohorts, chiropractic
and naprapathic medicine, which were derived
from osteopathic medicine.

Chiropractic Medicine

Chiropractic was founded in 1895 in Davenport,
Iowa, by magnetic healer Daniel David Palm-
er, after studying osteopathy [6]. Chiropractic
philosophy includes the perspectives of reduc-
tionism, conservatism, and homeostasis [7]. Re-
ductionism in chiropractic reduces causes and
cures of health problems to a single factor, ver-
tebral subluxation [8]. Conservatism considers
the risks of clinical interventions when balancing
them against their benefits. It emphasizes nonin-
vasive treatment to minimize risk, and avoids sur-
gery and medication [9]. Homeostasis emphasizes
the body’s inherent self-healing abilities. Chiro-
practic’s early notion of innate intelligence can be
thought of as a metaphor for homeostasis [10].

Chiropractic theory on spinal joint dysfunc-
tion and its putative role in non-musculoskeletal
disease has been a source of controversy since its
inception in 1895 due to its initial basis in pseu-
doscience. However, chiropractic medicine has
become more respectable since the late twenti-
eth century. Contemporary chiropractors see the
value of evidence-based medicine and research
into chiropractic treatments. There is evidence
that chiropractic spinal manipulation may be use-
ful for low back pain. Some of the manual medi-
cine techniques employed by chiropractors to the
posterior lower extremity may also be useful in
lower extremity injuries [11].

Naprapathic Medicine

Naprapathic medicine is a specialized system of
health care that employs hands-on manual medi-
cine, nutritional counseling, and a wide variety
of therapeutic modalities. It was founded in 1908
in Chicago, Illinois, by Oakley Smith, DC, a one-
time medical student who had investigated Still’s
osteopathy in Kirksville, Missouri, before going
to study chiropractic under Palmer in Davenport,
lowa.

Naprapathy focuses on conditions caused
by impaired myofascial and connective tissue.
Connective tissue supports and contains all of
the integral structures of the entire body. Condi-
tions may exist where this contracted tissue may
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impede and create interference with the normal
action of nerve pathways, in addition to affect-
ing the proper circulation of blood and lymph.
When this occurs, naprapathy contends that the
result can be pain, inflammation, and restriction
of normal movement of the affected area of
the body and negatively affect vessels passing
through these tissues [12].

Naprapathic medicine practitioners often use a
threefold strategy in the treatment of connective
tissue disorders. Naprapathic manual medicine
involves gentle connective tissue manipulation to
the spine, joints, and articulations of the body. Rec-
ommendations are also made for holistic dietary
changes and food supplementation, through the use
of herbs, vitamins, and minerals, to assist the body
in achieving optimal health. Naprapaths also use
therapeutic modalities that make use of the effec-
tive properties of physical measures of heat, cold,
light, water, radiant energy, electricity, sound, air,
and assistive devices for the purpose of prevent-
ing, correcting, or alleviating a physical disability.
Modalities may include ultrasound, electric stimu-
lation, and/or photobiostimulation, also known as
low-level laser or cold laser therapy [12].

Traditional Chinese Medicine

TCM is rooted in the ancient philosophy of Tao-
ism and dates back more than 5000 years. The
philosophy of TCM is based on the ancient Chi-
nese perception of humans as microcosms of the
surrounding universe, interconnected with nature
and subject to its forces. The human body is re-
garded as an organic entity in which the various
organs, tissues, and other parts have distinct func-
tions, but are interdependent. In this view, health
and disease relate to balance of the functions [13].

The theoretical framework of TCM has a num-
ber of key components. Yin-yang theory, which
recognizes two opposing, yet complementary
forces that shape the world and all life, is central to
TCM [13]. TCM also recognizes a vital energy or
life force called gi (pronounced “chee”) that cir-
culates in the body through a system of pathways
called meridians. Health is an ongoing process of
maintaining balance and harmony in the circu-
lation of qi [13]. The TCM approach uses eight

principles to analyze symptoms and categorize
conditions. TCM also uses the theory of five ele-
ments to explain how the body works. These ele-
ments correspond to particular organs and tissues
in the body [13]. TCM practitioners use a variety
of therapies in an effort to promote health and treat
diseases. The most commonly used are Chinese
herbal medicine and acupuncture. Other TCM
practices include moxibustion, cupping, massage,
mind-body therapy, and dietary therapy [13].

In spite of the widespread use of TCM in
China and its use in the West, scientific evidence
of its effectiveness is, for the most part, limited.
TCM’s complexity and underlying conceptual
foundations present challenges for researchers
seeking evidence on whether and how it works.
Most research has focused on specific modalities,
primarily acupuncture and Chinese herbal rem-
edies. Acupuncture research has produced a large
body of scientific evidence. Studies suggest that
it may be useful for a number of different condi-
tions, but additional research is still needed. Chi-
nese herbal medicine has also been studied for a
wide range of conditions. Most of the research
has been done in China. Although there is evi-
dence that herbs may be effective for some con-
ditions, most studies have been methodologically
flawed, and additional, better-designed research
is needed before any conclusions can be drawn
[13]. Therefore, this chapter will only discuss
acupuncture techniques.

Common Themes

All of the above medical philosophies share some
commonalities, likely due to the fact that with
the exception of TCM, they were all developed
in close geographical and temporal proximity to
one another. All of them view the body as a unit
with interconnected parts that are interrelated
while functioning independently, ascertain that
lesions in one part of the body can affect flow
of substances to other parts of the body, and that
manipulation of the body can resolve the lesions,
normalize the flow of substances, and restore
the body’s normal function to improve health.
Another commonality is that despite the lack of
published studies indicating effectiveness, prac-
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titioners in each of these professions have treated
patients with success for the past hundred-plus
years in the case of osteopathic, chiropractic, and
naprapathic; and for thousands of years in the
case of TCM. Even more telling, patients con-
tinue to turn to these complementary treatments
when traditional Western medicine, often termed
allopathic, cannot treat pain effectively.

The difference between each of the philoso-
phies rests in the focus of the manipulations and
the substance being targeted. TCM focuses on
manipulating qi and improving the flow of this
energy through the body. Osteopathic medicine
focuses on manipulating bones, joints, muscles,
nerves, and fascia to improve vascular flow,
including lymphatics. Chiropractic medicine
focused on manipulating the spine to improve
nerve function. Naprapathic medicine focuses on
manipulating ligaments, tendons, and the related
muscles and fascia to restore the body’s normal
movement. Despite the superficial difference in
the focal point of treatment modalities, there is
one underlying theme—fascia.

Fascia

Fascia is the connective tissue that unites all
aspects of the body, and although previously
thought to just function as packing tissue or a
cushion to organs, fascia is now being thought of
as a separate organ system involved in tissue pro-
tection and the healing of surrounding systems
[14, 15]. All of the philosophies mentioned above
affect the fascia in some way, as fascia covers
everything including nerves, blood vessels, lym-
phatic vessels, bones, muscles, tendons, and liga-
ments. It is like the technique is the dart, and the
fascia is the board. Many of the techniques used
in each profession are very similar, and there is a
lot of crossover of techniques between all practi-
tioners of manual medicine.

Neuropathic Pain

Neuropathic pain results from a disturbance in
neurologic function, which may or may not corre-
spond to any apparent pathology in the peripheral

nerves [16]. Signs of neuropathy include sensory,
motor, or autonomic dysfunction in the derma-
tome, myotome, or sclerotome [17]. Clinical pre-
sentation may include absence of obvious dam-
aged tissue, delayed onset of signs and symptoms,
abnormal sensations, a deep, aching pain or shoot-
ing, stabbing pain, pain in a region of sensory defi-
cit, allodynia, diminished range of motion, and/or
pain upon muscle contraction [16]. Neuropathic
pain may be amenable to intramuscular stimula-
tion through dry needling techniques [16, 18].

Myofascial Pain

Investigations to find the cause of persistent pain
in the posterior lower leg are usually directed at
excluding diseases of the bones or joints, circula-
tory disorders, and neuropathies. The possibility
that myofascial disruption is the cause of the pain
is often missed initially [19]. Travell and Simons
initially described trigger points as the cause of
myofascial pain [15, 16, 20-22]. These consist
of hyperirritable points in the muscle or fascial
layers that are neurologically maintained through
facilitation, and often involve autonomic nervous
system findings. They can be influenced by stress
from physiological as well as psychological ori-
gins [16, 20].

A muscle with a trigger point has a dimin-
ished range of motion and diminished strength
due to pain and neurologic factors [16]. Trigger
points are identified as a localized spot of ten-
derness within a muscle knot, associated with a
palpable taut band of muscle fibers, or possibly a
slight tremor [20]. Applying pressure to the trig-
ger point reproduces the patient’s pain pattern or
a part of their pain pattern [20]. A local twitch
response may be elicited when a snapping, shear-
ing stress, like plucking a guitar string, is applied
across the taut band [16]. Active trigger points
are noticeably painful even without palpation.
Latent trigger points typically are only painful
on palpation, but may become activated. Postural
imbalances, overuse, local injury or other stimuli
like the cooling of tired, immobile legs by an air-
conditioned automobile, for example, may cause
a latent trigger point to become activated [16, 21].
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The etiology of trigger points is best explained
by the integrated energy crisis and motor end-
plate hypotheses [21, 23, 24]. In addition, noxious
substances in muscles with active trigger points
have been found which stimulate nocireceptors
as well as cause an acidic environment [25, 26],
adding strength to the integrated hypothesis [23].
The most common cause of trigger points may be
poor posture causing sustained stress in muscles
[27]. Trigger points may also be caused by muscle
overload, as a result of trauma or overuse/repeti-
tive stress injuries, and immobilization may sus-
tain them [16]. Lower extremity ischemia may
also activate trigger points. Extrinsic causes of de-
creased blood flow to the lower extremity might
include sustained compression from long socks
with a tight elastic band at the top, a cast that is
too tight, or a chair with a high front edge. All of
these can compress the soft tissues and decrease
blood flow to the lower extremity [16]. Addition-
ally, one study showed that a factor contribut-
ing to the pain of intermittent claudication is the
activation of trigger points in the gastrocnemius
and soleus, when these muscles become ischemic
as a result of decreased blood supply to the leg
[19]. They further showed that deactivating these
trigger points, by injecting procaine into them, in-
creases the exercise capacity of the limb in spite of
the limited blood flow to the limb. Deactivation of
the trigger points in these two muscles is therefore
a worthwhile therapeutic procedure in this condi-
tion, and one that can be done more readily and
just as effectively by inserting dry needles into
the tissues overlying the trigger points [19]. Acute
trigger points become chronic trigger points if not
treated. Chronic trigger points are complicated by
further neurological involvement, become more
painful, and are more difficult to treat [16]. There-
fore, considering causes of trigger points as part of
the initial evaluation of posterior lower extremity
pain, and looking for trigger points, is essential.

Posterior Lower Extremity Trigger
Points

Activities that require forceful plantar flexion
at the ankle with the knee bent, such as climb-
ing steep slopes, jogging uphill, or riding a bike

with the seat too low, may activate trigger points
by overloading the gastrocnemius and/or soleus
[16]. Other activities might be walking on hard,
slick surfaces with flat shoes that cause slippage
of the forefoot during the push-off phase of the
gait, or prolonged activity to which the patient
is unaccustomed. Walking on a graded slope or
domed street or standing while leaning for a pro-
longed period are other examples of activities
that may cause trigger points [16]. Wearing a heel
that is too high or a unilateral heel lift that is too
large may be a cause of chronic overuse. Other
characteristics of posterior lower extremity trig-
ger points are listed in Table 13.1.

Gastrocnemius trigger points become activat-
ed in the belly of the muscle in the center of the
calf as a result of the muscle becoming strained,
either as a primary event, or when a limp devel-
ops as a result of a painful disorder occurring in
the heel or foot, and also when, because of a cir-
culatory disorder, the muscle becomes ischemic.
Pain from the trigger points in this muscle is felt
in the calf and the sole of the foot. It is often
worse when walking uphill, and may be associ-
ated with the development of nocturnal cramps,
often misdiagnosed as restless leg syndrome
[19]. Figure 13.1 shows the locations of the gas-
trocnemius trigger points.

The soleus is liable to develop trigger points
in its distal third for the same reasons as they de-
velop in the gastrocnemius. Pain from these trig-
ger points is referred distally along the Achilles
tendon to the heel. The pain may also be referred
upwards to the ipsilateral sacroiliac joint. The
posterior part of the gluteus minimus can also
refer pain to the calf, and this can activate satel-
lite trigger points to the soleus [16]. The ankle
jerk reflex may be decreased or absent in patients
with trigger points in the soleus. The deactiva-
tion of the trigger points restores this reflex to
normal [19]. A small study showed a significant
improvement in ankle range of motion after a
single intervention on latent soleus trigger points
[28]. It is particularly important to distinguish be-
tween pain developing in the base of the heel as
a result of an inflammatory lesion in the tendon,
and pain referred to that site from trigger points
in the soleus muscle. In Achilles tendonitis, the
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Table 13.1 Characteristics of trigger points in the posterior lower extremity

Muscle Activation/perpetuation Symptoms Examination
Gastrocnemius | Muscle overload/prolonged Nocturnal calf cramps Restriction of knee extension with
plantar flexion ankle in dorsiflexion
Soleus Muscle overload, forefoot slip-  Heel pain and tenderness | Restriction of ankle dorsiflexion
ping/prolonged plantar flexion with knee in flexion, Achilles reflex
may be reduced
Plantaris Muscle overload, forefoot slip- = Posterior knee and upper | Restriction of ankle dorsiflexion
ping/prolonged plantar flexion | calf pain with knee in flexion, Achilles reflex
may be reduced
Popliteus Running, twisting, or sliding Posterior knee pain with | Passive lateral rotation restricted
with knee bent knee bent by pain with thigh fixed and knee
flexed at 90°
Tibialis posterior = Chronic muscle overload, Pain in sole, arch, or Functional weakness, restricted
jogging on uneven surfaces/ Achilles tendon while ROM, aching pain when muscle is
prolonged hyperpronation walking or running actively retracted in fully shortened
position
Long toe flexors = Running on uneven ground/ Painful feet, especially Weakness in toe flexion, restricted
(FHL, FDL) walking, running on soft sand, = with weight bearing ROM in extension
Morton foot structure, pro-
longed hyperpronation

ROM range of motion, FHL flexor hallucis longus, FDL flexor digitorum longus

Fig. 13.1 Gastrocne-
mius trigger points (X)
and pain referral patterns
(red color). Solid color is
primary site of pain, with
stippling indicating the
spillover pattern. a Trigger
point 1, b trigger point 2,
¢ trigger point 3, d trigger
point 4

tendon is liable to be slightly swollen and there serting dry needles in the tissues overlying these
may be crepitus over it when the foot is moved. trigger points may relieve the pain. This usually
On examination, exquisitely tender trigger points  has to be repeated three or more times at weekly
are found in the tissues around the tendon. In- intervals in order to obtain any lasting benefit,
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Fig. 13.2 Soleus trigger points (X) and pain referral pat-
terns (red color). Solid color is primary site of pain, with
stippling indicating the spillover pattern. a Trigger point
1, b trigger point 2, ¢ trigger point 3

but is certainly preferable to steroid injection at
this site. The steroid injection is associated with
much postinjection pain, and if inadvertently in-
jected into the tendon sheath, may cause rupture
of the tendon, requiring surgical repair [19]. Fig-
ure 13.2 shows the locations of the soleus trigger
points.

Plantaris trigger points are commonly associ-
ated with soleus tender points [27]. They primar-
ily refer pain to the back of the knee as well, with
pain extending about midway down the back of
the calf [27]. Figure 13.3 shows the location of
the plantaris trigger point.

Popliteus trigger points primarily refer pain to
the back of the knee joint. Pain may be worse
with crouching, going downhill or downstairs.
There is rarely pain at night [27]. These trigger
points may be associated with gastrocnemius and
plantaris trigger points [27]. Figure 13.4 shows
the location of the popliteus trigger point.

Tibialis posterior trigger points concentrate
proximally over the Achilles tendon above the
heel, but may extend from the trigger point down

Fig. 13.3 Plantaris trigger
point (X) and pain referral
pattern (red color). Solid
color is primary site of
pain, with stippling indi-
cating the spillover pattern

over the calf, the entire heel, and the plantar sur-
face of the foot and toes [27]. The trigger points
in the tibialis posterior may be indirectly palpat-
ed through other muscles. Interpreting tenderness
at this site depends on the preceding examination
establishing involvement of this muscle and de-
termining that the surrounding muscles are free
of tenderness [27]. Figure 13.5 shows the loca-
tion of the tibialis posterior trigger point.

The long toe flexors, flexor hallucis longus
(FHL) and flexor digitorum longus (FDL) help
to control motions of the foot. Trigger points may
become activated in situations where the foot is
unstable [27]. Pain referred from the FDL is felt
in the middle of the plantar forefoot proximal to
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Fig. 13.4 cating the
spillover patternPopliteus
trigger point (X) and pain
referral pattern (red color).
Solid color is primary site
of pain, with stippling indi

the lateral digits. Pain referred from the FHL is
felt in the plantar surface of the great toe and head
of the first metatarsal [27]. Figure 13.6 shows the
locations of the long toe flexor trigger points.

Trigger Point Treatment

Treatment is typically done with injection of a
local anesthetic or dry needling, either with a
small-gauge hypodermic needle or an acupunc-
ture needle. Injections using preservative-free
products are generally recommended to minimize
the damage produced by the anesthetic [16]. This
is consistent with the goal of minimizing neuro-
logical irritation.

The patient positions for gastrocnemius trig-
ger injections are lateral recumbent on the ipsi-
lateral side for trigger point 1, on the contralat-
eral side for trigger point 2, and prone for trigger
points 3 and 4. Using a pincer grasp on the trigger
points, insert a 27-gauge 1.5-in. needle directly
into trigger point 1 and trigger point 2 without

Fig. 13.5 Tibialis pos-
terior trigger point (X)
and pain referral pattern
(red color). Solid color is
primary site of pain, with
stippling indicating the
spillover pattern

worry of neurovascular structures. Injection of
trigger point 3 and trigger point 4 must proceed
with caution, and the needle should be directed
away from the midline. The trigger points can be
infiltrated with 0.5 mL of Marcaine 0.25 %, and
this can be done with a multi-quadrant approach
for trigger point 1 and trigger point 2 [16].

The patient positions for soleus trigger point
injections are lateral recumbent on the ipsilateral
side for trigger points 1 and 2, and on the con-
tralateral side for trigger point 3. Using a pincer
grasp on trigger point 1 and trigger point 3, in-
sert a 27-gauge 1.5-in. needle into trigger point 1
through a medial approach and into trigger point
3 through a lateral approach. For injection of
trigger point 2, the needle is directed toward the
fibula, because the trigger point is close to the
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Fig. 13.6 Long toe flexor trigger points (X) and pain re-
ferral patterns (red color). Solid color is primary site of
pain, with stippling indicating the spillover pattern. The
flexor digitorum longus point (a) is pictured on the /eff,
the flexor hallucis longus point (b) is pictured on the right

bone. The trigger points can be infiltrated with
0.5 mL of Marcaine 0.25%. This can be done in
a multi-quadrant approach for trigger point 1 and
trigger point 2 [16].

Trigger point injection may result in soreness
for 5-6 days afterward. The stretching exercises
help to relieve this, but as a precaution you may
only want to treat one side in a visit. The patient
may also use acetaminophen for residual pain
after the injection [16, 27]. Muscle retraining

exercise and maintenance exercises are recom-
mended after treatment [16].

Acupuncture/Dry Needling

The precise origin of acupuncture is a source of
debate. Evidence exists for a variety of poten-
tial antecedent practices [29]. Even today, there
is no standardized approach to acupuncture due
to past acupuncture scholars freely editing prior
texts [29]. Classic acupuncture refers to thin,
solid metallic needles inserted into the skin at
specific points along meridians that correspond
to internal organs. This is done to restore the bal-
ance in the body. In traditional Chinese acupunc-
ture, needle effectiveness is frequently measured
by the elicitation of de qi. The patient may feel
a throbbing ache, while the practitioner feels a
grasp of the needle by the tissue [29]. One pro-
posed theory is that acupuncture points are asso-
ciated with anatomic locations of loose connec-
tive tissue. Studies have shown a relationship be-
tween fascial structures and acupuncture points
and meridians, as well as a relationship between
connective tissue and the effects of acupuncture
[30—33]. One study has also shown a decrease
in alpha-motoneuron activity after acupuncture
[34]. When combined with the theories behind
myofascial pain, acupuncture may have a role in
treating pain associated with posterior lower ex-
tremity injuries.

Trigger points may be treated with acupunc-
ture techniques including dry needling and in-
tramuscular stimulation. A number 3 (0.2 mm
by 40 mm) acupuncture needle is used. The pa-
tient position for treatments is prone. The trigger
point(s) are identified. The acupuncture needle is
placed perpendicular to the skin into the trigger
point. The practitioner depresses the skin firmly
with the insertion tube to cause a local anesthetic
effect, then taps the needle through the skin bar-
rier. The tube is removed and the needle directed
toward the trigger point in a pecking/probing
manner. The practitioner should proceed with
caution for blood vessels and nerves that lie in
the midline. Ideally, there will be muscle twitch-
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ing in response to this procedure, as well as a grab
of the needle by the muscle. This grab is usually
released instantaneously [16]. The needle may be
rotated until the patient feels a dull throbbing at
the point. The procedure is terminated when the
discomfort level is 7/10 per patient, or if there is
no muscle grab and the muscle seems to have re-
laxed [16]. In some cases, there is a strong spasm
of the muscle during treatment. In this case, the
needle can be left in place for 10-20 min, with-
out manipulating the needle, before removal. The
spasm is not usually accompanied by pain unless
the needle is manipulated during the spasm [16].

Muscle Energy

Muscle energy is a technique that may be used
following trigger point treatments [16]. It was
developed by Fred L. Mitchell, Sr., DO, although
similar techniques were previously described
[35]. There are nine different physiologic prin-
ciples that may be used in muscle energy [35],
although post-isometric relaxation may be the
most common one used. The physiologic basis
behind this principle is that immediately after
isometric contraction, the neuromuscular appa-
ratus is in a refractory state allowing for passive
stretching to be performed without encountering
strong myotactic reflex opposition [35]. General-
ly, the practitioner positions the patient’s body so
that the muscle is at its pathological barrier. The
patient pushes about 5 pounds of force against
that barrier for 5 s while contracting the muscle
(isometric contraction). Upon relaxing, the phy-
sician follows the relaxation to engage a new
barrier reflecting the lengthened muscle. This is
repeated 3—5 times or until the range of motion
stops improving. If there is no release toward a
new barrier, then the dysfunction is likely not of
muscular origin, and the diagnosis should be re-
considered [16]. The post-contraction relaxation
period prevents stretch receptors from activating
[3], allowing for increased stretch in the muscle
and increased range of motion at restricted joints.

The muscles of the posterior lower extremity
can be treated with the patient prone and knee
extended with their feet hanging off the end of

the table. Dorsiflexion at the patient’s foot is con-
trolled and encouraged through the physician’s
leg or knee contact on the forefoot, to the point
of the initial barrier. The patient is instructed to
apply a plantar flexion force against the physi-
cian’s resistance for 5 s. Upon relaxation after the
5-s force the foot is dorsiflexed further into the
new barrier. This is repeated 3—5 times or until
no further barrier is appreciated. Ice or vapocool-
ant spray may be applied in a proximal to dis-
tal direction along the calf. This should be done
after the initial plantar flexion to the barrier [16].
Treatment can also be done with the patient prone
and knee flexed. Dorsiflexion at the patient’s foot
is controlled and encouraged through the physi-
cian’s hand contact on the forefoot, to the point
of the initial barrier. The patient is instructed to
apply a plantar flexion force against the physi-
cian’s resistance for 5 s. Upon relaxation after the
5-s force the foot is dorsiflexed further into the
new barrier. This is repeated 3—5 times or until
no further barrier is appreciated. Cool and stretch
may be used in this position also.

After cool and stretch, the muscle may be re-
warmed with a heating pack for 5-10 min. After
rewarming, the patient is instructed to move
through their greatest range of motion [16]. Ide-
ally, the patient should not return to previous
activities immediately afterward, as the muscle
needs a period of rest. Patients can attain the
most benefit if they soak the muscle in a hot bath
as soon as possible and practice the prescribed
stretches. As the muscle fibers are allowed to
relax, they release toxins, which may result in
discomfort that the patient identifies as similar to
the pretreatment pain. Stretching wrings the tox-
ins out of the muscle and may result in immediate
alleviation of posttreatment discomfort [16].

Strain-Counterstrain

This technique was developed by Lawrence H.
Jones, DO, as a treatment for tender points in the
muscle belly. These tender points can occur due
to chemical or mechanical sensitization causing
an increase in afferent flow [36—38]. Edema and
increased muscular pressure may also induce
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Table 13.2 Comparison of tender points and trigger points
Tender point

No characteristic pain pattern

Located in muscle, tendons, ligaments, and fascia

Locally tender

Elicits jump sign when pressed

No radiating pattern when pressed

Taut band not present

Twitch response not present

Dermographia not present

these points locally in the muscle belly, but these
points may be perpetuated by long-term changes
in the synaptic processes in dorsal horn neurons
[36]. These tender points share some characteris-
tics with trigger points, but can be differentiated
clinically (Table 13.2) and are still separated in
the literature [38].

Treatment consists of first identifying a ten-
der point. This helps to determine which muscle
is dysfunctional, as well as the position of treat-
ment. Once identified, a pain scale is established
with the patient, with the pain felt on palpation
of the tender point being a 10/10. The physician
then approximates the origin and the insertion of
the dysfunctional muscle until the patient’s pain
is reduced by 70 % (3/10 or less). This position is
held for at least 90 s, during which the physician
monitors the point but does not need to apply
pressure. This allows the muscle spindle, alpha,
and gamma nerves to return to their normal bal-
ance from a hyperactive state [3, 16, 36-38].
Then the patient is slowly, passively returned to
the neutral position. The physician rechecks the
tender point to ensure successful treatment after
the patient is returned to neutral. The slow return
to neutral is essential, as the dysfunctional mus-
cle is still neurochemically sensitive and must
be given a day or two of rest to achieve a new
neurologic balance. Patients should be instructed
to hold off on prescribed stretches or any intense
activity for 1-2 days after counterstrain treat-
ment. This treatment is tolerated well by patients,
requires no additional equipment, and is effective
for both acute and chronic pain [38]. If pain re-
mains, the treatment may be repeated. If the treat-
ment is not successful after several attempts, the
diagnosis should be reconsidered.

Trigger point

Characteristic pain pattern

Located in muscle tissue

Locally tender

Elicits jump sign when pressed

Elicits a radiating pain pattern when pressed
Present within a taut band of tissue

Elicits twitch response with snapping palpation
Dermographia of skin over point

Myofascial Release

Myofascial release is a system of diagnosis and
treatment originating with A. T. Still and his
students, which engages continual palpatory
feedback to achieve release of myofascial tis-
sue [39]. The techniques are a group of specific
maneuvers that generally achieve the same goal
of myofascial release. They can be used as the
primary treatment modality, in combination with
each other, or in combination with other modali-
ties [40]. The techniques and mechanism of ac-
tion are described elsewhere [39]. Direct meth-
ods may be used, in which the fascia is taken into
the restriction until a release is felt; or indirect
methods may be used, in which the fascia is taken
into the position of comfort until a release is felt.
Acute injuries may be better treated using the in-
direct methods for patient comfort. Chronic inju-
ries may be treated with direct or indirect meth-
ods depending on patient’s comfort.

The effects of the techniques on homeosta-
sis include relaxation of contracted muscles, in-
creased circulation to an ischemic area, increased
venous and lymphatic drainage, and a stimulatory
effect of the stretch reflex on hypotonic muscles
[40]. This ultimately decreases the oxygen de-
mand of the muscle, increases oxygen supply to
the muscle, increases the removal of harmful met-
abolic waste products, and mobilizes fluid. This
can help the healing process in musculoskeletal
injuries by breaking the pain-tension-pain cycle
and preventing a fibrous reaction, which causes
fascial shortening and limits muscle stretch and
joint mobility [40].

Although no studies looking specifically at
myofascial release techniques were found for the



164

B. M. Rowan and J. B. Dixon

lower leg, this modality definitely has a place in
the treatment of posterior lower extremity inju-
ries. It is a popular modality among athletic train-
ers and sports medicine providers, osteopathic
physicians, and other manual medicine providers.
It is useful for both acute and chronic injuries.

Massage/Soft Tissue Techniques

The benefits of massage on soft tissues are well
known. Massage is commonly used to release
myofascial tension and improve vascular flow.
However, there may be differences between
a general massage and a massage given with a
specific goal. In one study, there was a modest
improvement in ankle dorsiflexion using spe-
cific myofascial receptor massage techniques
in the distal myotendinous junction of the calf
compared to using classical massage techniques
on the belly of the calf muscles [41]. This dif-
ference was seen immediately after treatment,
but seemed to have an even greater effect 10 min
after treatment.

Ligamentous Articular Strain

William G. Sutherland, DO, primarily devised
this technique. It is also known as the balanced
ligamentous tension technique. It is based on the
idea that ligamentous tension in joints has little
variation due to the fact that ligaments do not
stretch and contract like muscles [42]. In normal
movements, the relationship between a joint’s
ligaments changes as the joint changes position,
but the total tension in the ligamentous articular
mechanism does not. However, when injury, in-
flammation, or mechanical stressors affect the
joint, the distribution of the tension between the
ligaments is altered [42]. This altered tension can
have an effect elsewhere in the kinetic chain, as
the fascia that comprises the affected ligaments
arises from the muscles on either side of the af-
fected joint. The goal of this modality is to re-
store the normal balance in the ligamentous ten-
sion in order to restore normal function—Ilocally
through joint physiology, and remotely through
the fascia and fluid dynamics [42].

The principles of this technique are disen-
gagement, exaggeration, and balance. The practi-
tioner first compresses or decompresses the joint
or fascial plane, and increases the pressure or
traction until the practitioner is able to passively
move the injured part. Then the injured part is
passively moved back to the original injury posi-
tion until a point of balance is found. This bal-
anced position is maintained until a release in the
tissue is appreciated, and structures return to their
normal functional positions [42].

Although not as common, and therefore not as
well studied as some of the other osteopathic mo-
dalities, this technique is relatively safe and the
risks to the patient are minimal when done cor-
rectly. It may have a place for pain refractory to
other treatment modalities. Further studies evalu-
ating its effectiveness in injuries to the posterior
lower extremity are needed.

Prolotherapy

Prolotherapy is a technique in which a proliferent
solution is injected into a ligament in order to
stimulate collagen production and strengthen the
ligament, particularly at sites of bony attachment.
It has been in use as a treatment for chronic mus-
culoskeletal pain since the 1930s [43]. Despite
its increasing popularity as a treatment for liga-
ment and joint laxity, conclusive data is lacking
[43]. However, the effectiveness of prolotherapy
seems to be operator-dependent, and this may not
be reflected in the selection of study subjects,
skewing the results away from a positive effect if
there is one [43]. In the hands of an experienced
operator, prolotherapy may be a possible treat-
ment option for certain patients, but studies in the
lower extremity have been limited to looking at
the effects of this treatment on the knee [43].

Transdermal Techniques

The transdermal techniques used in musculoskel-
etal injuries include cryotherapy, electrical stim-
ulation, laser therapy, ultrasound, iontophoresis,
magnets, and topical preparations. These meth-
ods are commonly used to treat acute pain after
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injury or prevent secondary muscle injury due to
inflammation, edema, and/or ischemia.

Cryotherapy, using ice or chemical cold packs
or cold water baths, can decrease regional blood
flow and hemorrhage, decrease edema, reduce
inflammation, and induce analgesia [44, 45].
Studies have shown that cryotherapy may reduce
postexercise muscle damage, but did not find an
effect on perception of pain or weakness [44, 46].
This is a safe and inexpensive method for treat-
ment of muscle injuries.

Electrical stimulation, most commonly with
transcutaneous electrical nerve stimulation
(TENS) units, is considered safe with a low risk
of complications. There is evidence that use of
electrical stimulation produces pain scores in
traumatic and overuse injuries, pain due to pe-
ripheral nerve damage, and pain due to mechani-
cal causes [47, 48], but further studies looking
at the effect of electrical stimulation on muscle
function are needed [44].

Low-level laser therapy is tolerated well, with
few risks or contraindications. It is commonly
used for acute and overuse injuries; however, it
is expensive compared to other modalities. Its ef-
fectiveness for analgesia in musculoskeletal con-
ditions needs further study [44, 49, 50].

Ultrasound therapies, including phonopho-
resis and extracorporeal shockwave therapy
(ESWT), are another popular modality used for
soft tissue injuries. Ultrasound by itself produc-
es a thermal effect on the tissues that increases
blood flow and soft tissue extensibility. It also
has nonthermal effects, namely cavitation, which
can promote wound healing, but has a less clear
role in musculoskeletal injuries [44, 51, 52]. The
studies on the use of ultrasound for musculoskel-
etal injuries are mixed for use in delayed-onset
muscle soreness [44, 53—55]. Studies show little
evidence for use in soft tissue injury [56] or for
analgesia in musculoskeletal injuries [57]. ESWT
uses high energy focused ultrasound energy to in-
duce tissue changes. It may be useful in calcific
tendinopathy in certain joints, but there is no evi-
dence it is useful in chronic or noncalcific tendi-
nopathies, or in the lower extremity [1]. Further
studies are needed.

Phonophoresis, a process by which phar-
macologic agents are driven transdermally into

subcutaneous tissues with ultrasound, has little
support in the literature [44, 55, 58]. Iontophore-
sis, which is similar to phonophoresis except that
electrical current is used instead of ultrasound,
does have support in the literature for reducing
acute pain in certain areas [44, 59, 60], but fur-
ther studies on its effectiveness in the posterior
lower leg need to be done.

Magnets are inexpensive, safe, and popular
among athletes and nonathletes for their pre-
sumed healing power. There is evidence that
magnet therapy can reduce inflammation [61], as
well as influence nerve function [44, 62]. How-
ever, magnets have not been shown to reduce
pain in properly designed studies [44, 62, 63].
Continued studies are recommended.

Topical preparations, like capsaicin or
NSAIDs, are easily used and generally well tol-
erated. However, local reactions can occur at
the site of application, and topical NSAIDs can
rarely cause systemic effects [44, 64, 65]. There
is good evidence that capsaicin is useful for os-
teoarthritic knee pain [66], but its use in acute
sports injuries has not been described [44]. Topi-
cal NSAIDs have shown some benefit for relief
of pain, but there is little evidence for improve-
ment in muscle function after injury [44, 67]. Di-
methyl sulfoxide (DMSO) has not shown benefit
in studies [44].

Hyperbaric Oxygen

Hyperbaric oxygen (HBO) therapy is recom-
mended as adjunctive therapy for a range of trau-
matic and ischemic syndromes [68, 69]. HBO is
thought to work through several mechanisms in-
cluding increasing tissue oxygenation, reducing
edema through hyperoxia-induced vasospasm,
reducing the inflammatory response, enhanc-
ing collagen deposition, inhibiting the release of
oxygen free radicals, and protecting from reper-
fusion injury and secondary ischemia [69-72].
Anecdotal evidence suggests that soft tissue in-
juries may benefit from HBO, but well-designed
studies have failed to show any beneficial effect
for ankle sprains or delayed-onset muscle sore-
ness [73-75]. Further well-designed studies are
recommended.
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Summary

Complementary therapies have been around for
many years. The science behind the treatments
is finally starting to catch up. Researchers are
discovering reasons for why these therapies may
work, especially with regard to manual therapies
that target the fascia. Continued research is need-
ed, as many of these treatments are still working
on basic science theory, and have not yet shown
any clinically significant difference. Despite
this, these complementary treatments should not
be dismissed immediately, as patients may find
relief with one or more of the modalities. As
with all medicine, having the patient make an
informed decision should be the goal for prac-
titioners. Presenting the patient with the option
of complementary therapies, and explaining the
risks, benefits, and limitations including possible
failure of the therapy will help them make an in-
formed decision.
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