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PART I
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1

Anatomical Terminology

Learning Objectives
By the end of this section, you will be able to:

• Demonstrate the anatomical position
• Describe the human body using directional and regional terms
• Identify three planes most commonly used in the study of anatomy
• Distinguish between the posterior (dorsal) and the anterior (ventral) body cavities, identifying their subdivisions and representative organs
found in each
• Describe serous membrane and explain its function

Anatomists and health care providers use terminology that can be bewildering to the uninitiated. However, the
purpose of this language is not to confuse, but rather to increase precision and reduce medical errors. For example,
is a scar “above the wrist” located on the forearm two or three inches away from the hand? Or is it at the base of
the hand? Is it on the palm-side or back-side? By using precise anatomical terminology, we eliminate ambiguity.
Anatomical terms derive from ancient Greek and Latin words. Because these languages are no longer used in
everyday conversation, the meaning of their words does not change.
Anatomical terms are made up of roots, prefixes, and suffixes. The root of a term often refers to an organ, tissue, or
condition, whereas the prefix or suffix often describes the root. For example, in the disorder hypertension, the prefix
“hyper-” means “high” or “over,” and the root word “tension” refers to pressure, so the word “hypertension” refers to
abnormally high blood pressure.

Anatomical Position
To further increase precision, anatomists standardize the way in which they view the body. Just as maps are normally
oriented with north at the top, the standard body “map,” or anatomical position, is that of the body standing upright,
with the feet at shoulder width and parallel, toes forward. The upper limbs are held out to each side, and the palms of
the hands face forward as illustrated in Figure 1. Using this standard position reduces confusion. It does not matter
how the body being described is oriented, the terms are used as if it is in anatomical position. For example, a scar in
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the “anterior (front) carpal (wrist) region” would be present on the palm side of the wrist. The term “anterior” would
be used even if the hand were palm down on a table.

Figure 1. Regions of the Human Body. The human body is shown in anatomical position in an (a) anterior view and a (b) posterior
view. The regions of the body are labeled in boldface.

A body that is lying down is described as either prone or supine. Prone describes a face-down orientation, and
supine describes a face up orientation. These terms are sometimes used in describing the position of the body during
specific physical examinations or surgical procedures.

Regional Terms
The human body’s numerous regions have specific terms to help increase precision (see Figure 1). Notice that the
term “brachium” or “arm” is reserved for the “upper arm” and “antebrachium” or “forearm” is used rather than “lower
arm.” Similarly, “femur” or “thigh” is correct, and “leg” or “crus” is reserved for the portion of the lower limb between
the knee and the ankle. You will be able to describe the body’s regions using the terms from the figure.

Directional Terms
Certain directional anatomical terms appear throughout this and any other anatomy textbook (Figure 2). These terms
are essential for describing the relative locations of different body structures. For instance, an anatomist might
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describe one band of tissue as “inferior to” another or a physician might describe a tumor as “superficial to” a deeper
body structure. Commit these terms to memory to avoid confusion when you are studying or describing the locations
of particular body parts.
• Anterior (or ventral) Describes the front or direction toward the front of the body. The toes are anterior to the
foot.
• Posterior (or dorsal) Describes the back or direction toward the back of the body. The popliteus is posterior to
the patella.
• Superior (or cranial) describes a position above or higher than another part of the body proper. The orbits are
superior to the oris.
• Inferior (or caudal) describes a position below or lower than another part of the body proper; near or toward
the tail (in humans, the coccyx, or lowest part of the spinal column). The pelvis is inferior to the abdomen.
• Lateral describes the side or direction toward the side of the body. The thumb (pollex) is lateral to the digits.
• Medial describes the middle or direction toward the middle of the body. The hallux is the medial toe.
• Proximal describes a position in a limb that is nearer to the point of attachment or the trunk of the body. The
brachium is proximal to the antebrachium.
• Distal describes a position in a limb that is farther from the point of attachment or the trunk of the body. The
crus is distal to the femur.
• Superficial describes a position closer to the surface of the body. The skin is superficial to the bones.
• Deep describes a position farther from the surface of the body. The brain is deep to the skull.
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Figure 2. Directional Terms Applied to the Human Body. Paired directional terms are shown as applied to
the human body.

Body Planes
A section is a two-dimensional surface of a three-dimensional structure that has been cut. Modern medical imaging
devices enable clinicians to obtain “virtual sections” of living bodies. We call these scans. Body sections and scans can
be correctly interpreted, however, only if the viewer understands the plane along which the section was made. A plane
is an imaginary two-dimensional surface that passes through the body. There are three planes commonly referred to
in anatomy and medicine, as illustrated in Figure 3.
• The sagittal plane is the plane that divides the body or an organ vertically into right and left sides. If this
vertical plane runs directly down the middle of the body, it is called the midsagittal or median plane. If it
divides the body into unequal right and left sides, it is called a parasagittal plane or less commonly a
longitudinal section.
• The frontal plane is the plane that divides the body or an organ into an anterior (front) portion and a posterior
(rear) portion. The frontal plane is often referred to as a coronal plane. (“Corona” is Latin for “crown.”)
• The transverse plane is the plane that divides the body or organ horizontally into upper and lower portions.
Transverse planes produce images referred to as cross sections.
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Figure 3. Planes of the Body. The three planes most commonly used in anatomical
and medical imaging are the sagittal, frontal (or coronal), and transverse plane.

Body Cavities and Serous Membranes
The body maintains its internal organization by means of membranes, sheaths, and other structures that separate
compartments. The dorsal (posterior) cavity and the ventral (anterior) cavity are the largest body compartments
(Figure 4). These cavities contain and protect delicate internal organs, and the ventral cavity allows for significant
changes in the size and shape of the organs as they perform their functions. The lungs, heart, stomach, and
intestines, for example, can expand and contract without distorting other tissues or disrupting the activity of nearby
organs.
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Figure 4. Dorsal and Ventral Body Cavities. The ventral cavity includes the thoracic and abdominopelvic cavities and their
subdivisions. The dorsal cavity includes the cranial and spinal cavities.

Subdivisions of the Posterior (Dorsal) and Anterior (Ventral) Cavities
The posterior (dorsal) and anterior (ventral) cavities are each subdivided into smaller cavities. In the posterior
(dorsal) cavity, the cranial cavity houses the brain, and the spinal cavity (or vertebral cavity) encloses the spinal cord.
Just as the brain and spinal cord make up a continuous, uninterrupted structure, the cranial and spinal cavities that
house them are also continuous. The brain and spinal cord are protected by the bones of the skull and vertebral
column and by cerebrospinal fluid, a colorless fluid produced by the brain, which cushions the brain and spinal cord
within the posterior (dorsal) cavity.
The anterior (ventral) cavity has two main subdivisions: the thoracic cavity and the abdominopelvic cavity (see
Figure 4). The thoracic cavity is the more superior subdivision of the anterior cavity, and it is enclosed by the rib cage.
The thoracic cavity contains the lungs and the heart, which is located in the mediastinum. The diaphragm forms the
floor of the thoracic cavity and separates it from the more inferior abdominopelvic cavity. The abdominopelvic cavity
is the largest cavity in the body. Although no membrane physically divides the abdominopelvic cavity, it can be useful
to distinguish between the abdominal cavity, the division that houses the digestive organs, and the pelvic cavity, the
division that houses the organs of reproduction.

Abdominal Regions and Quadrants
To promote clear communication, for instance about the location of a patient’s abdominal pain or a suspicious mass,
health care providers typically divide up the cavity into either nine regions or four quadrants (Figure 5).
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Figure 5. Regions and Quadrants of the Peritoneal Cavity. There are (a) nine abdominal regions and (b) four abdominal
quadrants in the peritoneal cavity.

The more detailed regional approach subdivides the cavity with one horizontal line immediately inferior to the ribs
and one immediately superior to the pelvis, and two vertical lines drawn as if dropped from the midpoint of each
clavicle (collarbone). There are nine resulting regions. The simpler quadrants approach, which is more commonly
used in medicine, subdivides the cavity with one horizontal and one vertical line that intersect at the patient’s
umbilicus (navel).

Membranes of the Anterior (Ventral) Body Cavity
A serous membrane (also referred to a serosa) is one of the thin membranes that cover the walls and organs in the
thoracic and abdominopelvic cavities. The parietal layers of the membranes line the walls of the body cavity (parietrefers to a cavity wall). The visceral layer of the membrane covers the organs (the viscera). Between the parietal and
visceral layers is a very thin, fluid-filled serous space, or cavity (Figure 6).

Figure 6. Serous Membrane. Serous membrane lines the pericardial cavity and reflects back to
cover the heart—much the same way that an underinflated balloon would form two layers
surrounding a fist.

There are three serous cavities and their associated membranes. The pleura is the serous membrane that surrounds
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the lungs in the pleural cavity; the pericardium is the serous membrane that surrounds the heart in the pericardial
cavity; and the peritoneum is the serous membrane that surrounds several organs in the abdominopelvic cavity.The
serous membranes form fluid-filled sacs, or cavities, that are meant to cushion and reduce friction on internal
organs when they move, such as when the lungs inflate or the heart beats. Both the parietal and visceral serosa
secrete the thin, slippery serous fluid located within the serous cavities. The pleural cavity reduces friction between
the lungs and the body wall. Likewise, the pericardial cavity reduces friction between the heart and the wall of the
pericardium. The peritoneal cavity reduces friction between the abdominal and pelvic organs and the body wall.
Therefore, serous membranes provide additional protection to the viscera they enclose by reducing friction that
could lead to inflammation of the organs.

Chapter Review
Ancient Greek and Latin words are used to build anatomical terms. A standard reference position for mapping
the body’s structures is the normal anatomical position. Regions of the body are identified using terms such as
“occipital” that are more precise than common words and phrases such as “the back of the head.” Directional terms
such as anterior and posterior are essential for accurately describing the relative locations of body structures. Images
of the body’s interior commonly align along one of three planes: the sagittal, frontal, or transverse. The body’s
organs are organized in one of two main cavities—dorsal (also referred to posterior) and ventral (also referred to
anterior)—which are further sub-divided according to the structures present in each area. The serous membranes
have two layers—parietal and visceral—surrounding a fluid filled space. Serous membranes cover the lungs (pleural
serosa), heart (pericardial serosa), and some abdominopelvic organs (peritoneal serosa).

Review Questions
1. What is the position of the body when it is in the “normal anatomical position?”

A. The person is prone with upper limbs, including palms, touching sides and lower limbs touching at sides.
B. The person is standing facing the observer, with upper limbs extended out at a ninety-degree angle from the torso and lower limbs
in a wide stance with feet pointing laterally
C. The person is supine with upper limbs, including palms, touching sides and lower limbs touching at sides.
D. None of the above
2. To make a banana split, you halve a banana into two long, thin, right and left sides along the ________.

A. coronal plane
B. longitudinal plane
C. midsagittal plane
D. transverse plane
3. The lumbar region is ________.

A. inferior to the gluteal region
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B. inferior to the umbilical region
C. superior to the cervical region
D. superior to the popliteal region
4. The heart is within the ________.

A. cranial cavity
B. mediastinum
C. posterior (dorsal) cavity
D. All of the above

Critical Thinking Questions
1. In which direction would an MRI scanner move to produce sequential images of the body in the frontal plane, and in which direction would
an MRI scanner move to produce sequential images of the body in the sagittal plane?

2. If a bullet were to penetrate a lung, which three anterior thoracic body cavities would it enter, and which layer of the serous membrane would
it encounter first?

Glossary
abdominopelvic cavity
division of the anterior (ventral) cavity that houses the abdominal and pelvic viscera
anatomical position
standard reference position used for describing locations and directions on the human body
anterior
describes the front or direction toward the front of the body; also referred to as ventral
anterior cavity
larger body cavity located anterior to the posterior (dorsal) body cavity; includes the serous membrane-lined
pleural cavities for the lungs, pericardial cavity for the heart, and peritoneal cavity for the abdominal and pelvic
organs; also referred to as ventral cavity
caudal
describes a position below or lower than another part of the body proper; near or toward the tail (in humans,
the coccyx, or lowest part of the spinal column); also referred to as inferior
cranial
describes a position above or higher than another part of the body proper; also referred to as superior
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cranial cavity
division of the posterior (dorsal) cavity that houses the brain
deep
describes a position farther from the surface of the body
distal
describes a position farther from the point of attachment or the trunk of the body
dorsal
describes the back or direction toward the back of the body; also referred to as posterior
dorsal cavity
posterior body cavity that houses the brain and spinal cord; also referred to the posterior body cavity
frontal plane
two-dimensional, vertical plane that divides the body or organ into anterior and posterior portions
inferior
describes a position below or lower than another part of the body proper; near or toward the tail (in humans,
the coccyx, or lowest part of the spinal column); also referred to as caudal
lateral
describes the side or direction toward the side of the body
medial
describes the middle or direction toward the middle of the body
pericardium
sac that encloses the heart
peritoneum
serous membrane that lines the abdominopelvic cavity and covers the organs found there
plane
imaginary two-dimensional surface that passes through the body
pleura
serous membrane that lines the pleural cavity and covers the lungs
posterior
describes the back or direction toward the back of the body; also referred to as dorsal
posterior cavity
posterior body cavity that houses the brain and spinal cord; also referred to as dorsal cavity
prone
face down
proximal
describes a position nearer to the point of attachment or the trunk of the body
sagittal plane
two-dimensional, vertical plane that divides the body or organ into right and left sides
section
in anatomy, a single flat surface of a three-dimensional structure that has been cut through
serous membrane
membrane that covers organs and reduces friction; also referred to as serosa
serosa
membrane that covers organs and reduces friction; also referred to as serous membrane
spinal cavity
division of the dorsal cavity that houses the spinal cord; also referred to as vertebral cavity
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superficial
describes a position nearer to the surface of the body
superior
describes a position above or higher than another part of the body proper; also referred to as cranial
supine
face up
thoracic cavity
division of the anterior (ventral) cavity that houses the heart, lungs, esophagus, and trachea
transverse plane
two-dimensional, horizontal plane that divides the body or organ into superior and inferior portions
ventral
describes the front or direction toward the front of the body; also referred to as anterior
ventral cavity
larger body cavity located anterior to the posterior (dorsal) body cavity; includes the serous membrane-lined
pleural cavities for the lungs, pericardial cavity for the heart, and peritoneal cavity for the abdominal and pelvic
organs; also referred to as anterior body cavity

Solutions
Answers for Review Questions

1. D
2. C
3. D
4. B
Answers for Critical Thinking Questions

1. If the body were supine or prone, the MRI scanner would move from top to bottom to produce frontal sections, which would divide
the body into anterior and posterior portions, as in “cutting” a deck of cards. Again, if the body were supine or prone, to produce
sagittal sections, the scanner would move from left to right or from right to left to divide the body lengthwise into left and right
portions.
2. The bullet would enter the ventral, thoracic, and pleural cavities, and it would encounter the parietal layer of serous membrane first.
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2

Types of Body Movements

Learning Objectives
By the end of this section, you will be able to:

• Define the different types of body movements
• Identify the joints that allow for these motions

Synovial joints allow the body a tremendous range of movements. Each movement at a synovial joint results from
the contraction or relaxation of the muscles that are attached to the bones on either side of the articulation. The type
of movement that can be produced at a synovial joint is determined by its structural type. While the ball-and-socket
joint gives the greatest range of movement at an individual joint, in other regions of the body, several joints may
work together to produce a particular movement. Overall, each type of synovial joint is necessary to provide the body
with its great flexibility and mobility. There are many types of movement that can occur at synovial joints (Table 1).
Movement types are generally paired, with one being the opposite of the other. Body movements are always described
in relation to the anatomical position of the body: upright stance, with upper limbs to the side of body and palms
facing forward. Refer to Figure 1 as you go through this section.

Watch this video to learn
about anatomical motions.
What motions involve
increasing or decreasing
the angle of the foot at the
ankle?
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Watch this video to learn about anatomical motions. What motions involve increasing or decreasing the angle of the
foot at the ankle?
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Figure 1. Movements of the Body, Part 1. Synovial joints give the body many ways in which to move. (a)–(b) Flexion and extension motions are
in the sagittal (anterior–posterior) plane of motion. These movements take place at the shoulder, hip, elbow, knee, wrist,
metacarpophalangeal, metatarsophalangeal, and interphalangeal joints. (c)–(d) Anterior bending of the head or vertebral column is
flexion, while any posterior-going movement is extension. (e) Abduction and adduction are motions of the limbs, hand, fingers, or toes in
the coronal (medial–lateral) plane of movement. Moving the limb or hand laterally away from the body, or spreading the fingers or toes, is
abduction. Adduction brings the limb or hand toward or across the midline of the body, or brings the fingers or toes together. Circumduction
is the movement of the limb, hand, or fingers in a circular pattern, using the sequential combination of flexion, adduction, extension, and
abduction motions. Adduction/abduction and circumduction take place at the shoulder, hip, wrist, metacarpophalangeal, and
metatarsophalangeal joints. (f) Turning of the head side to side or twisting of the body is rotation. Medial and lateral rotation of the upper
limb at the shoulder or lower limb at the hip involves turning the anterior surface of the limb toward the midline of the body (medial or
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internal rotation) or away from the midline (lateral or external rotation).

Figure 2. Movements of the Body, Part 2. (g) Supination of the forearm turns the hand to the palm forward position in which the radius and
ulna are parallel, while forearm pronation turns the hand to the palm backward position in which the radius crosses over the ulna to form an
“X.” (h) Dorsiflexion of the foot at the ankle joint moves the top of the foot toward the leg, while plantar flexion lifts the heel and points the
toes. (i) Eversion of the foot moves the bottom (sole) of the foot away from the midline of the body, while foot inversion faces the sole toward
the midline. (j) Protraction of the mandible pushes the chin forward, and retraction pulls the chin back. (k) Depression of the mandible
opens the mouth, while elevation closes it. (l) Opposition of the thumb brings the tip of the thumb into contact with the tip of the fingers of
the same hand and reposition brings the thumb back next to the index finger.
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Flexion and Extension
Flexion and extension are movements that take place within the sagittal plane and involve anterior or posterior
movements of the body or limbs. For the vertebral column, flexion (anterior flexion) is an anterior (forward) bending
of the neck or body, while extension involves a posterior-directed motion, such as straightening from a flexed
position or bending backward. Lateral flexion is the bending of the neck or body toward the right or left side. These
movements of the vertebral column involve both the symphysis joint formed by each intervertebral disc, as well as the
plane type of synovial joint formed between the inferior articular processes of one vertebra and the superior articular
processes of the next lower vertebra.
In the limbs, flexion decreases the angle between the bones (bending of the joint), while extension increases the
angle and straightens the joint. For the upper limb, all anterior-going motions are flexion and all posterior-going
motions are extension. These include anterior-posterior movements of the arm at the shoulder, the forearm at the
elbow, the hand at the wrist, and the fingers at the metacarpophalangeal and interphalangeal joints. For the thumb,
extension moves the thumb away from the palm of the hand, within the same plane as the palm, while flexion brings
the thumb back against the index finger or into the palm. These motions take place at the first carpometacarpal
joint. In the lower limb, bringing the thigh forward and upward is flexion at the hip joint, while any posterior-going
motion of the thigh is extension. Note that extension of the thigh beyond the anatomical (standing) position is greatly
limited by the ligaments that support the hip joint. Knee flexion is the bending of the knee to bring the foot toward
the posterior thigh, and extension is the straightening of the knee. Flexion and extension movements are seen at the
hinge, condyloid, saddle, and ball-and-socket joints of the limbs (see Figure 1a-d).
Hyperextension is the abnormal or excessive extension of a joint beyond its normal range of motion, thus
resulting in injury. Similarly, hyperflexion is excessive flexion at a joint. Hyperextension injuries are common at
hinge joints such as the knee or elbow. In cases of “whiplash” in which the head is suddenly moved backward and
then forward, a patient may experience both hyperextension and hyperflexion of the cervical region.

Abduction and Adduction
Abduction and adduction motions occur within the coronal plane and involve medial-lateral motions of the limbs,
fingers, toes, or thumb. Abduction moves the limb laterally away from the midline of the body, while adduction is the
opposing movement that brings the limb toward the body or across the midline. For example, abduction is raising the
arm at the shoulder joint, moving it laterally away from the body, while adduction brings the arm down to the side
of the body. Similarly, abduction and adduction at the wrist moves the hand away from or toward the midline of the
body. Spreading the fingers or toes apart is also abduction, while bringing the fingers or toes together is adduction.
For the thumb, abduction is the anterior movement that brings the thumb to a 90° perpendicular position, pointing
straight out from the palm. Adduction moves the thumb back to the anatomical position, next to the index finger.
Abduction and adduction movements are seen at condyloid, saddle, and ball-and-socket joints (see Figure 1e).

Circumduction
Circumduction is the movement of a body region in a circular manner, in which one end of the body region being
moved stays relatively stationary while the other end describes a circle. It involves the sequential combination of
flexion, adduction, extension, and abduction at a joint. This type of motion is found at biaxial condyloid and saddle
joints, and at multiaxial ball-and-sockets joints (see Figure 1e).
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Rotation
Rotation can occur within the vertebral column, at a pivot joint, or at a ball-and-socket joint. Rotation of the neck
or body is the twisting movement produced by the summation of the small rotational movements available between
adjacent vertebrae. At a pivot joint, one bone rotates in relation to another bone. This is a uniaxial joint, and thus
rotation is the only motion allowed at a pivot joint. For example, at the atlantoaxial joint, the first cervical (C1)
vertebra (atlas) rotates around the dens, the upward projection from the second cervical (C2) vertebra (axis). This
allows the head to rotate from side to side as when shaking the head “no.” The proximal radioulnar joint is a pivot
joint formed by the head of the radius and its articulation with the ulna. This joint allows for the radius to rotate along
its length during pronation and supination movements of the forearm.
Rotation can also occur at the ball-and-socket joints of the shoulder and hip. Here, the humerus and femur rotate
around their long axis, which moves the anterior surface of the arm or thigh either toward or away from the midline
of the body. Movement that brings the anterior surface of the limb toward the midline of the body is called medial
(internal) rotation. Conversely, rotation of the limb so that the anterior surface moves away from the midline is
lateral (external) rotation (see Figure 1f). Be sure to distinguish medial and lateral rotation, which can only occur at
the multiaxial shoulder and hip joints, from circumduction, which can occur at either biaxial or multiaxial joints.

Supination and Pronation
Supination and pronation are movements of the forearm. In the anatomical position, the upper limb is held next to
the body with the palm facing forward. This is the supinated position of the forearm. In this position, the radius and
ulna are parallel to each other. When the palm of the hand faces backward, the forearm is in the pronated position,
and the radius and ulna form an X-shape.
Supination and pronation are the movements of the forearm that go between these two positions. Pronation is the
motion that moves the forearm from the supinated (anatomical) position to the pronated (palm backward) position.
This motion is produced by rotation of the radius at the proximal radioulnar joint, accompanied by movement of the
radius at the distal radioulnar joint. The proximal radioulnar joint is a pivot joint that allows for rotation of the head
of the radius. Because of the slight curvature of the shaft of the radius, this rotation causes the distal end of the radius
to cross over the distal ulna at the distal radioulnar joint. This crossing over brings the radius and ulna into an Xshape position. Supination is the opposite motion, in which rotation of the radius returns the bones to their parallel
positions and moves the palm to the anterior facing (supinated) position. It helps to remember that supination is the
motion you use when scooping up soup with a spoon (see Figure 2g).

Dorsiflexion and Plantar Flexion
Dorsiflexion and plantar flexion are movements at the ankle joint, which is a hinge joint. Lifting the front of the foot,
so that the top of the foot moves toward the anterior leg is dorsiflexion, while lifting the heel of the foot from the
ground or pointing the toes downward is plantar flexion. These are the only movements available at the ankle joint
(see Figure 2h).

Inversion and Eversion
Inversion and eversion are complex movements that involve the multiple plane joints among the tarsal bones of the
posterior foot (intertarsal joints) and thus are not motions that take place at the ankle joint. Inversion is the turning
of the foot to angle the bottom of the foot toward the midline, while eversion turns the bottom of the foot away
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from the midline. The foot has a greater range of inversion than eversion motion. These are important motions that
help to stabilize the foot when walking or running on an uneven surface and aid in the quick side-to-side changes in
direction used during active sports such as basketball, racquetball, or soccer (see Figure 2i).

Protraction and Retraction
Protraction and retraction are anterior-posterior movements of the scapula or mandible. Protraction of the scapula
occurs when the shoulder is moved forward, as when pushing against something or throwing a ball. Retraction is
the opposite motion, with the scapula being pulled posteriorly and medially, toward the vertebral column. For the
mandible, protraction occurs when the lower jaw is pushed forward, to stick out the chin, while retraction pulls the
lower jaw backward. (See Figure 2j.)

Depression and Elevation
Depression and elevation are downward and upward movements of the scapula or mandible. The upward movement
of the scapula and shoulder is elevation, while a downward movement is depression. These movements are used to
shrug your shoulders. Similarly, elevation of the mandible is the upward movement of the lower jaw used to close the
mouth or bite on something, and depression is the downward movement that produces opening of the mouth (see
Figure 2k).

Excursion
Excursion is the side to side movement of the mandible. Lateral excursion moves the mandible away from the
midline, toward either the right or left side. Medial excursion returns the mandible to its resting position at the
midline.

Superior Rotation and Inferior Rotation
Superior and inferior rotation are movements of the scapula and are defined by the direction of movement of the
glenoid cavity. These motions involve rotation of the scapula around a point inferior to the scapular spine and are
produced by combinations of muscles acting on the scapula. During superior rotation, the glenoid cavity moves
upward as the medial end of the scapular spine moves downward. This is a very important motion that contributes
to upper limb abduction. Without superior rotation of the scapula, the greater tubercle of the humerus would hit the
acromion of the scapula, thus preventing any abduction of the arm above shoulder height. Superior rotation of the
scapula is thus required for full abduction of the upper limb. Superior rotation is also used without arm abduction
when carrying a heavy load with your hand or on your shoulder. You can feel this rotation when you pick up a load,
such as a heavy book bag and carry it on only one shoulder. To increase its weight-bearing support for the bag,
the shoulder lifts as the scapula superiorly rotates. Inferior rotation occurs during limb adduction and involves the
downward motion of the glenoid cavity with upward movement of the medial end of the scapular spine.

Opposition and Reposition
Opposition is the thumb movement that brings the tip of the thumb in contact with the tip of a finger. This
movement is produced at the first carpometacarpal joint, which is a saddle joint formed between the trapezium
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carpal bone and the first metacarpal bone. Thumb opposition is produced by a combination of flexion and abduction
of the thumb at this joint. Returning the thumb to its anatomical position next to the index finger is called reposition
(see Figure 2l).
Movements of the Joints (Table 1)
Type of Joint

Movement

Example

Pivot

Uniaxial joint; allows rotational movement

Atlantoaxial joint (C1–C2 vertebrae articulation); proximal
radioulnar joint

Hinge

Uniaxial joint; allows flexion/extension movements

Knee; elbow; ankle; interphalangeal joints of fingers and toes

Condyloid

Biaxial joint; allows flexion/extension, abduction/adduction, and
circumduction movements

Metacarpophalangeal (knuckle) joints of fingers; radiocarpal
joint of wrist; metatarsophalangeal joints for toes

Saddle

Biaxial joint; allows flexion/extension, abduction/adduction, and
circumduction movements

First carpometacarpal joint of the thumb; sternoclavicular
joint

Plane

Multiaxial joint; allows inversion and eversion of foot, or flexion,
extension, and lateral flexion of the vertebral column

Intertarsal joints of foot; superior-inferior articular process
articulations between vertebrae

Ball-and-socket

Multiaxial joint; allows flexion/extension, abduction/adduction,
circumduction, and medial/lateral rotation movements

Shoulder and hip joints

Chapter Review
The variety of movements provided by the different types of synovial joints allows for a large range of body motions
and gives you tremendous mobility. These movements allow you to flex or extend your body or limbs, medially rotate
and adduct your arms and flex your elbows to hold a heavy object against your chest, raise your arms above your head,
rotate or shake your head, and bend to touch the toes (with or without bending your knees).
Each of the different structural types of synovial joints also allow for specific motions. The atlantoaxial pivot joint
provides side-to-side rotation of the head, while the proximal radioulnar articulation allows for rotation of the radius
during pronation and supination of the forearm. Hinge joints, such as at the knee and elbow, allow only for flexion
and extension. Similarly, the hinge joint of the ankle only allows for dorsiflexion and plantar flexion of the foot.
Condyloid and saddle joints are biaxial. These allow for flexion and extension, and abduction and adduction.
The sequential combination of flexion, adduction, extension, and abduction produces circumduction. Multiaxial
plane joints provide for only small motions, but these can add together over several adjacent joints to produce
body movement, such as inversion and eversion of the foot. Similarly, plane joints allow for flexion, extension, and
lateral flexion movements of the vertebral column. The multiaxial ball and socket joints allow for flexion-extension,
abduction-adduction, and circumduction. In addition, these also allow for medial (internal) and lateral (external)
rotation. Ball-and-socket joints have the greatest range of motion of all synovial joints.

Interactive Link Questions
Watch this video to learn about anatomical motions. What motions involve increasing or decreasing the angle of the
foot at the ankle?
Dorsiflexion of the foot at the ankle decreases the angle of the ankle joint, while plantar flexion increases the angle of
the ankle joint.
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Review Questions
1. The joints between the articular processes of adjacent vertebrae can contribute to which movement?

A. lateral flexion
B. circumduction
C. dorsiflexion
D. abduction
2. Which motion moves the bottom of the foot away from the midline of the body?

A. elevation
B. dorsiflexion
C. eversion
D. plantar flexion
3. Movement of a body region in a circular movement at a condyloid joint is what type of motion?

A. rotation
B. elevation
C. abduction
D. circumduction
4. Supination is the motion that moves the ________.

A. hand from the palm backward position to the palm forward position
B. foot so that the bottom of the foot faces the midline of the body
C. hand from the palm forward position to the palm backward position
D. scapula in an upward direction
5. Movement at the shoulder joint that moves the upper limb laterally away from the body is called ________.

A. elevation
B. eversion
C. abduction
D. lateral rotation
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Critical Thinking Questions
1. Briefly define the types of joint movements available at a ball-and-socket joint.

2. Discuss the joints involved and movements required for you to cross your arms together in front of your chest.

Glossary
abduction
movement in the coronal plane that moves a limb laterally away from the body; spreading of the fingers
adduction
movement in the coronal plane that moves a limb medially toward or across the midline of the body; bringing
fingers together
circumduction
circular motion of the arm, thigh, hand, thumb, or finger that is produced by the sequential combination of
flexion, abduction, extension, and adduction
depression
downward (inferior) motion of the scapula or mandible
dorsiflexion
movement at the ankle that brings the top of the foot toward the anterior leg
elevation
upward (superior) motion of the scapula or mandible
eversion
foot movement involving the intertarsal joints of the foot in which the bottom of the foot is turned laterally,
away from the midline
extension
movement in the sagittal plane that increases the angle of a joint (straightens the joint); motion involving
posterior bending of the vertebral column or returning to the upright position from a flexed position
flexion
movement in the sagittal plane that decreases the angle of a joint (bends the joint); motion involving anterior
bending of the vertebral column
hyperextension
excessive extension of joint, beyond the normal range of movement
hyperflexion
excessive flexion of joint, beyond the normal range of movement
inferior rotation
movement of the scapula during upper limb adduction in which the glenoid cavity of the scapula moves in a
downward direction as the medial end of the scapular spine moves in an upward direction
inversion
foot movement involving the intertarsal joints of the foot in which the bottom of the foot is turned toward the
midline
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lateral excursion
side-to-side movement of the mandible away from the midline, toward either the right or left side
lateral flexion
bending of the neck or body toward the right or left side
lateral (external) rotation
movement of the arm at the shoulder joint or the thigh at the hip joint that moves the anterior surface of the
limb away from the midline of the body
medial excursion
side-to-side movement that returns the mandible to the midline
medial (internal) rotation
movement of the arm at the shoulder joint or the thigh at the hip joint that brings the anterior surface of the
limb toward the midline of the body
opposition
thumb movement that brings the tip of the thumb in contact with the tip of a finger
plantar flexion
foot movement at the ankle in which the heel is lifted off of the ground
pronated position
forearm position in which the palm faces backward
pronation
forearm motion that moves the palm of the hand from the palm forward to the palm backward position
protraction
anterior motion of the scapula or mandible
reposition
movement of the thumb from opposition back to the anatomical position (next to index finger)
retraction
posterior motion of the scapula or mandible
rotation
movement of a bone around a central axis (atlantoaxial joint) or around its long axis (proximal radioulnar joint;
shoulder or hip joint); twisting of the vertebral column resulting from the summation of small motions
between adjacent vertebrae
superior rotation
movement of the scapula during upper limb abduction in which the glenoid cavity of the scapula moves in an
upward direction as the medial end of the scapular spine moves in a downward direction
supinated position
forearm position in which the palm faces anteriorly (anatomical position)
supination
forearm motion that moves the palm of the hand from the palm backward to the palm forward position

Solutions
Answers for Review Questions

1. A
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2. C
3. D
4. A
5. C
Answers for Critical Thinking Questions

1. Ball-and-socket joints are multiaxial joints that allow for flexion and extension, abduction and adduction, circumduction, and
medial and lateral rotation.
2. To cross your arms, you need to use both your shoulder and elbow joints. At the shoulder, the arm would need to flex and medially
rotate. At the elbow, the forearm would need to be flexed.
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3

Classification of Joints

Learning Objectives
By the end of this section, you will be able to:

• Distinguish between the functional and structural classifications for joints
• Describe the three functional types of joints and give an example of each
• List the three types of diarthrodial joints

A joint, also called an articulation, is any place where adjacent bones or bone and cartilage come together (articulate
with each other) to form a connection. Joints are classified both structurally and functionally. Structural
classifications of joints take into account whether the adjacent bones are strongly anchored to each other by fibrous
connective tissue or cartilage, or whether the adjacent bones articulate with each other within a fluid-filled space
called a joint cavity. Functional classifications describe the degree of movement available between the bones, ranging
from immobile, to slightly mobile, to freely moveable joints. The amount of movement available at a particular joint
of the body is related to the functional requirements for that joint. Thus immobile or slightly moveable joints serve to
protect internal organs, give stability to the body, and allow for limited body movement. In contrast, freely moveable
joints allow for much more extensive movements of the body and limbs.

Structural Classification of Joints
The structural classification of joints is based on whether the articulating surfaces of the adjacent bones are directly
connected by fibrous connective tissue or cartilage, or whether the articulating surfaces contact each other within a
fluid-filled joint cavity. These differences serve to divide the joints of the body into three structural classifications. A
fibrous joint is where the adjacent bones are united by fibrous connective tissue. At a cartilaginous joint, the bones
are joined by hyaline cartilage or fibrocartilage. At a synovial joint, the articulating surfaces of the bones are not
directly connected, but instead come into contact with each other within a joint cavity that is filled with a lubricating
fluid. Synovial joints allow for free movement between the bones and are the most common joints of the body.
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Functional Classification of Joints
The functional classification of joints is determined by the amount of mobility found between the adjacent bones.
Joints are thus functionally classified as a synarthrosis or immobile joint, an amphiarthrosis or slightly moveable
joint, or as a diarthrosis, which is a freely moveable joint (arthroun = “to fasten by a joint”). Depending on their
location, fibrous joints may be functionally classified as a synarthrosis (immobile joint) or an amphiarthrosis (slightly
mobile joint). Cartilaginous joints are also functionally classified as either a synarthrosis or an amphiarthrosis joint.
All synovial joints are functionally classified as a diarthrosis joint.

Synarthrosis
An immobile or nearly immobile joint is called a synarthrosis. The immobile nature of these joints provide for a
strong union between the articulating bones. This is important at locations where the bones provide protection
for internal organs. Examples include sutures, the fibrous joints between the bones of the skull that surround and
protect the brain (Figure 1), and the manubriosternal joint, the cartilaginous joint that unites the manubrium and
body of the sternum for protection of the heart.

Figure 1. Suture Joints of Skull. The suture joints of the skull are an example of a
synarthrosis, an immobile or essentially immobile joint.

Amphiarthrosis
An amphiarthrosis is a joint that has limited mobility. An example of this type of joint is the cartilaginous joint that
unites the bodies of adjacent vertebrae. Filling the gap between the vertebrae is a thick pad of fibrocartilage called
an intervertebral disc (Figure 2). Each intervertebral disc strongly unites the vertebrae but still allows for a limited
amount of movement between them. However, the small movements available between adjacent vertebrae can sum
together along the length of the vertebral column to provide for large ranges of body movements.
Another example of an amphiarthrosis is the pubic symphysis of the pelvis. This is a cartilaginous joint in which the
pubic regions of the right and left hip bones are strongly anchored to each other by fibrocartilage. This joint normally
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has very little mobility. The strength of the pubic symphysis is important in conferring weight-bearing stability to the
pelvis.

Figure 2. Intervertebral Disc. An intervertebral disc unites the bodies of
adjacent vertebrae within the vertebral column. Each disc allows for limited
movement between the vertebrae and thus functionally forms an
amphiarthrosis type of joint. Intervertebral discs are made of fibrocartilage
and thereby structurally form a symphysis type of cartilaginous joint.

Diarthrosis
A freely mobile joint is classified as a diarthrosis. These types of joints include all synovial joints of the body, which
provide the majority of body movements. Most diarthrotic joints are found in the appendicular skeleton and thus
give the limbs a wide range of motion. These joints are divided into three categories, based on the number of axes
of motion provided by each. An axis in anatomy is described as the movements in reference to the three anatomical
planes: transverse, frontal, and sagittal. Thus, diarthroses are classified as uniaxial (for movement in one plane),
biaxial (for movement in two planes), or multiaxial joints (for movement in all three anatomical planes).
A uniaxial joint only allows for a motion in a single plane (around a single axis). The elbow joint, which only
allows for bending or straightening, is an example of a uniaxial joint. A biaxial joint allows for motions within two
planes. An example of a biaxial joint is a metacarpophalangeal joint (knuckle joint) of the hand. The joint allows for
movement along one axis to produce bending or straightening of the finger, and movement along a second axis,
which allows for spreading of the fingers away from each other and bringing them together. A joint that allows for
the several directions of movement is called a multiaxial joint (polyaxial or triaxial joint). This type of diarthrotic
joint allows for movement along three axes (Figure 3). The shoulder and hip joints are multiaxial joints. They allow
the upper or lower limb to move in an anterior-posterior direction and a medial-lateral direction. In addition, the
limb can also be rotated around its long axis. This third movement results in rotation of the limb so that its anterior
surface is moved either toward or away from the midline of the body.
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Figure 3. Multiaxial Joint. A multiaxial joint, such as the hip joint, allows for three types of movement:
anterior-posterior, medial-lateral, and rotational.

Chapter Review
Structural classifications of the body joints are based on how the bones are held together and articulate with each
other. At fibrous joints, the adjacent bones are directly united to each other by fibrous connective tissue. Similarly, at
a cartilaginous joint, the adjacent bones are united by cartilage. In contrast, at a synovial joint, the articulating bone
surfaces are not directly united to each other, but come together within a fluid-filled joint cavity.
The functional classification of body joints is based on the degree of movement found at each joint. A synarthrosis
is a joint that is essentially immobile. This type of joint provides for a strong connection between the adjacent
bones, which serves to protect internal structures such as the brain or heart. Examples include the fibrous joints
of the skull sutures and the cartilaginous manubriosternal joint. A joint that allows for limited movement is an
amphiarthrosis. An example is the pubic symphysis of the pelvis, the cartilaginous joint that strongly unites the
right and left hip bones of the pelvis. The cartilaginous joints in which vertebrae are united by intervertebral discs
provide for small movements between the adjacent vertebrae and are also an amphiarthrosis type of joint. Thus,
based on their movement ability, both fibrous and cartilaginous joints are functionally classified as a synarthrosis or
amphiarthrosis.
The most common type of joint is the diarthrosis, which is a freely moveable joint. All synovial joints are
functionally classified as diarthroses. A uniaxial diarthrosis, such as the elbow, is a joint that only allows for
movement within a single anatomical plane. Joints that allow for movements in two planes are biaxial joints, such as
the metacarpophalangeal joints of the fingers. A multiaxial joint, such as the shoulder or hip joint, allows for three
planes of motions.

Review Questions
1. The joint between adjacent vertebrae that includes an invertebral disc is classified as which type of joint?

A. diarthrosis
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B. multiaxial
C. amphiarthrosis
D. synarthrosis
2. Which of these joints is classified as a synarthrosis?

A. the pubic symphysis
B. the manubriosternal joint
C. an invertebral disc
D. the shoulder joint
3. Which of these joints is classified as a biaxial diarthrosis?

A. the metacarpophalangeal joint
B. the hip joint
C. the elbow joint
D. the pubic symphysis
4. Synovial joints ________.

A. may be functionally classified as a synarthrosis
B. are joints where the bones are connected to each other by hyaline cartilage
C. may be functionally classified as a amphiarthrosis
D. are joints where the bones articulate with each other within a fluid-filled joint cavity

Critical Thinking Questions
1. Define how joints are classified based on function. Describe and give an example for each functional type of joint.

2. Explain the reasons for why joints differ in their degree of mobility.

Glossary
amphiarthrosis
slightly mobile joint
articulation
joint of the body
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biaxial joint
type of diarthrosis; a joint that allows for movements within two planes (two axes)
cartilaginous joint
joint at which the bones are united by hyaline cartilage (synchondrosis) or fibrocartilage (symphysis)
diarthrosis
freely mobile joint
fibrous joint
joint where the articulating areas of the adjacent bones are connected by fibrous connective tissue
joint
site at which two or more bones or bone and cartilage come together (articulate)
joint cavity
space enclosed by the articular capsule of a synovial joint that is filled with synovial fluid and contains the
articulating surfaces of the adjacent bones
multiaxial joint
type of diarthrosis; a joint that allows for movements within three planes (three axes)
synarthrosis
immobile or nearly immobile joint
synovial joint
joint at which the articulating surfaces of the bones are located within a joint cavity formed by an articular
capsule
uniaxial joint
type of diarthrosis; joint that allows for motion within only one plane (one axis)

Solutions
Answers for Review Questions

1. C
2. B
3. A
4. D
Answers for Critical Thinking Questions

1. Functional classification of joints is based on the degree of mobility exhibited by the joint. A synarthrosis is an immobile or nearly
immobile joint. An example is the manubriosternal joint or the joints between the skull bones surrounding the brain. An
amphiarthrosis is a slightly moveable joint, such as the pubic symphysis or an intervertebral cartilaginous joint. A diarthrosis is a
freely moveable joint. These are subdivided into three categories. A uniaxial diarthrosis allows movement within a single anatomical
plane or axis of motion. The elbow joint is an example. A biaxial diarthrosis, such as the metacarpophalangeal joint, allows for
movement along two planes or axes. The hip and shoulder joints are examples of a multiaxial diarthrosis. These allow movements
along three planes or axes.
2. The functional needs of joints vary and thus joints differ in their degree of mobility. A synarthrosis, which is an immobile joint,
serves to strongly connect bones thus protecting internal organs such as the heart or brain. A slightly moveable amphiarthrosis
provides for small movements, which in the vertebral column can add together to yield a much larger overall movement. The
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freedom of movement provided by a diarthrosis can allow for large movements, such as is seen with most joints of the limbs.
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4

Fibrous Joints

Learning Objectives
By the end of this section, you will be able to:

• Describe the structural features of fibrous joints
• Distinguish between a suture, syndesmosis, and gomphosis
• Give an example of each type of fibrous joint

At a fibrous joint, the adjacent bones are directly connected to each other by fibrous connective tissue, and thus the
bones do not have a joint cavity between them (Figure 1). The gap between the bones may be narrow or wide. There
are three types of fibrous joints. A suture is the narrow fibrous joint found between most bones of the skull. At a
syndesmosis joint, the bones are more widely separated but are held together by a narrow band of fibrous connective
tissue called a ligament or a wide sheet of connective tissue called an interosseous membrane. This type of fibrous
joint is found between the shaft regions of the long bones in the forearm and in the leg. Lastly, a gomphosis is the
narrow fibrous joint between the roots of a tooth and the bony socket in the jaw into which the tooth fits.
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Figure 1. Fibrous Joints. Fibrous joints form strong connections between bones. (a) Sutures join most bones of the skull.
(b) An interosseous membrane forms a syndesmosis between the radius and ulna bones of the forearm. (c) A gomphosis
is a specialized fibrous joint that anchors a tooth to its socket in the jaw.

Suture
All the bones of the skull, except for the mandible, are joined to each other by a fibrous joint called a suture. The
fibrous connective tissue found at a suture (“to bind or sew”) strongly unites the adjacent skull bones and thus helps
to protect the brain and form the face. In adults, the skull bones are closely opposed and fibrous connective tissue
fills the narrow gap between the bones. The suture is frequently convoluted, forming a tight union that prevents
most movement between the bones. (See Figure 1a.) Thus, skull sutures are functionally classified as a synarthrosis,
although some sutures may allow for slight movements between the cranial bones.
In newborns and infants, the areas of connective tissue between the bones are much wider, especially in those
areas on the top and sides of the skull that will become the sagittal, coronal, squamous, and lambdoid sutures. These
broad areas of connective tissue are called fontanelles (Figure 2). During birth, the fontanelles provide flexibility to
the skull, allowing the bones to push closer together or to overlap slightly, thus aiding movement of the infant’s head
through the birth canal. After birth, these expanded regions of connective tissue allow for rapid growth of the skull
and enlargement of the brain. The fontanelles greatly decrease in width during the first year after birth as the skull
bones enlarge. When the connective tissue between the adjacent bones is reduced to a narrow layer, these fibrous
joints are now called sutures. At some sutures, the connective tissue will ossify and be converted into bone, causing
the adjacent bones to fuse to each other. This fusion between bones is called a synostosis (“joined by bone”). Examples
of synostosis fusions between cranial bones are found both early and late in life. At the time of birth, the frontal and
maxillary bones consist of right and left halves joined together by sutures, which disappear by the eighth year as the
halves fuse together to form a single bone. Late in life, the sagittal, coronal, and lambdoid sutures of the skull will
begin to ossify and fuse, causing the suture line to gradually disappear.
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Figure 2. The Newborn Skull. The fontanelles of a newborn’s skull are broad areas of
fibrous connective tissue that form fibrous joints between the bones of the skull.

Syndesmosis
A syndesmosis (“fastened with a band”) is a type of fibrous joint in which two parallel bones are united to each other
by fibrous connective tissue. The gap between the bones may be narrow, with the bones joined by ligaments, or the
gap may be wide and filled in by a broad sheet of connective tissue called an interosseous membrane.
In the forearm, the wide gap between the shaft portions of the radius and ulna bones are strongly united by an
interosseous membrane (see Figure 1b). Similarly, in the leg, the shafts of the tibia and fibula are also united by
an interosseous membrane. In addition, at the distal tibiofibular joint, the articulating surfaces of the bones lack
cartilage and the narrow gap between the bones is anchored by fibrous connective tissue and ligaments on both
the anterior and posterior aspects of the joint. Together, the interosseous membrane and these ligaments form the
tibiofibular syndesmosis.
The syndesmoses found in the forearm and leg serve to unite parallel bones and prevent their separation. However,
a syndesmosis does not prevent all movement between the bones, and thus this type of fibrous joint is functionally
classified as an amphiarthrosis. In the leg, the syndesmosis between the tibia and fibula strongly unites the bones,
allows for little movement, and firmly locks the talus bone in place between the tibia and fibula at the ankle joint. This
provides strength and stability to the leg and ankle, which are important during weight bearing. In the forearm, the
interosseous membrane is flexible enough to allow for rotation of the radius bone during forearm movements. Thus
in contrast to the stability provided by the tibiofibular syndesmosis, the flexibility of the antebrachial interosseous
membrane allows for the much greater mobility of the forearm.
The interosseous membranes of the leg and forearm also provide areas for muscle attachment. Damage to a
syndesmotic joint, which usually results from a fracture of the bone with an accompanying tear of the interosseous
membrane, will produce pain, loss of stability of the bones, and may damage the muscles attached to the interosseous
membrane. If the fracture site is not properly immobilized with a cast or splint, contractile activity by these muscles
can cause improper alignment of the broken bones during healing.

Gomphosis
A gomphosis (“fastened with bolts”) is the specialized fibrous joint that anchors the root of a tooth into its bony socket
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within the maxillary bone (upper jaw) or mandible bone (lower jaw) of the skull. A gomphosis is also known as a pegand-socket joint. Spanning between the bony walls of the socket and the root of the tooth are numerous short bands
of dense connective tissue, each of which is called a periodontal ligament (see Figure 1c). Due to the immobility of a
gomphosis, this type of joint is functionally classified as a synarthrosis.

Chapter Review
Fibrous joints are where adjacent bones are strongly united by fibrous connective tissue. The gap filled by connective
tissue may be narrow or wide. The three types of fibrous joints are sutures, gomphoses, and syndesmoses. A suture
is the narrow fibrous joint that unites most bones of the skull. At a gomphosis, the root of a tooth is anchored across
a narrow gap by periodontal ligaments to the walls of its socket in the bony jaw. A syndesmosis is the type of fibrous
joint found between parallel bones. The gap between the bones may be wide and filled with a fibrous interosseous
membrane, or it may narrow with ligaments spanning between the bones. Syndesmoses are found between the bones
of the forearm (radius and ulna) and the leg (tibia and fibula). Fibrous joints strongly unite adjacent bones and thus
serve to provide protection for internal organs, strength to body regions, or weight-bearing stability.

Review Questions
1. Which type of fibrous joint connects the tibia and fibula?

A. syndesmosis
B. symphysis
C. suture
D. gomphosis
2. An example of a wide fibrous joint is ________.

A. the interosseous membrane of the forearm
B. a gomphosis
C. a suture joint
D. a synostosis
3. A gomphosis ________.

A. is formed by an interosseous membrane
B. connects the tibia and fibula bones of the leg
C. contains a joint cavity
D. anchors a tooth to the jaw
4. A syndesmosis is ________.

A. a narrow fibrous joint
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B. the type of joint that unites bones of the skull
C. a fibrous joint that unites parallel bones
D. the type of joint that anchors the teeth in the jaws

Critical Thinking Questions
1. Distinguish between a narrow and wide fibrous joint and give an example of each.

2. The periodontal ligaments are made of collagen fibers and are responsible for connecting the roots of the teeth to the jaws. Describe how
scurvy, a disease that inhibits collagen production, can affect the teeth.

Glossary
fontanelles
expanded areas of fibrous connective tissue that separate the braincase bones of the skull prior to birth and
during the first year after birth
gomphosis
type of fibrous joint in which the root of a tooth is anchored into its bony jaw socket by strong periodontal
ligaments
interosseous membrane
wide sheet of fibrous connective tissue that fills the gap between two parallel bones, forming a syndesmosis;
found between the radius and ulna of the forearm and between the tibia and fibula of the leg
ligament
strong band of dense connective tissue spanning between bones
periodontal ligament
band of dense connective tissue that anchors the root of a tooth into the bony jaw socket
suture
fibrous joint that connects the bones of the skull (except the mandible); an immobile joint (synarthrosis)
syndesmosis
type of fibrous joint in which two separated, parallel bones are connected by an interosseous membrane
synostosis
site at which adjacent bones or bony components have fused together

Solutions
Answers for Review Questions

1. A
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2. A
3. D
4. C
Answers for Critical Thinking Questions

1. Narrow fibrous joints are found at a suture, gomphosis, or syndesmosis. A suture is the fibrous joint that joins the bones of the skull
to each other (except the mandible). A gomphosis is the fibrous joint that anchors each tooth to its bony socket within the upper or
lower jaw. The tooth is connected to the bony jaw by periodontal ligaments. A narrow syndesmosis is found at the distal tibiofibular
joint where the bones are united by fibrous connective tissue and ligaments. A syndesmosis can also form a wide fibrous joint where
the shafts of two parallel bones are connected by a broad interosseous membrane. The radius and ulna bones of the forearm and
the tibia and fibula bones of the leg are united by interosseous membranes.
2. The teeth are anchored into their sockets within the bony jaws by the periodontal ligaments. This is a gomphosis type of fibrous
joint. In scurvy, collagen production is inhibited and the periodontal ligaments become weak. This will cause the teeth to become
loose or even to fall out.
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5

Cartilaginous Joints

Learning Objectives
By the end of this section, you will be able to:

• Describe the structural features of cartilaginous joints
• Distinguish between a synchondrosis and symphysis
• Give an example of each type of cartilaginous joint

As the name indicates, at a cartilaginous joint, the adjacent bones are united by cartilage, a tough but flexible type of
connective tissue. These types of joints lack a joint cavity and involve bones that are joined together by either hyaline
cartilage or fibrocartilage (Figure 1). There are two types of cartilaginous joints. A synchondrosis is a cartilaginous
joint where the bones are joined by hyaline cartilage. Also classified as a synchondrosis are places where bone is
united to a cartilage structure, such as between the anterior end of a rib and the costal cartilage of the thoracic cage.
The second type of cartilaginous joint is a symphysis, where the bones are joined by fibrocartilage.

ANATOMICAL BASIS OF INJURY | 39

Figure 1. Cartiliginous Joints. At cartilaginous joints, bones are united by hyaline cartilage to form a synchondrosis or by
fibrocartilage to form a symphysis. (a) The hyaline cartilage of the epiphyseal plate (growth plate) forms a synchondrosis
that unites the shaft (diaphysis) and end (epiphysis) of a long bone and allows the bone to grow in length. (b) The pubic
portions of the right and left hip bones of the pelvis are joined together by fibrocartilage, forming the pubic symphysis.

Synchondrosis
A synchondrosis (“joined by cartilage”) is a cartilaginous joint where bones are joined together by hyaline cartilage,
or where bone is united to hyaline cartilage. A synchondrosis may be temporary or permanent. A temporary
synchondrosis is the epiphyseal plate (growth plate) of a growing long bone. The epiphyseal plate is the region of
growing hyaline cartilage that unites the diaphysis (shaft) of the bone to the epiphysis (end of the bone). Bone
lengthening involves growth of the epiphyseal plate cartilage and its replacement by bone, which adds to the
diaphysis. For many years during childhood growth, the rates of cartilage growth and bone formation are equal and
thus the epiphyseal plate does not change in overall thickness as the bone lengthens. During the late teens and early
20s, growth of the cartilage slows and eventually stops. The epiphyseal plate is then completely replaced by bone,
and the diaphysis and epiphysis portions of the bone fuse together to form a single adult bone. This fusion of the
diaphysis and epiphysis is a synostosis. Once this occurs, bone lengthening ceases. For this reason, the epiphyseal
plate is considered to be a temporary synchondrosis. Because cartilage is softer than bone tissue, injury to a growing
long bone can damage the epiphyseal plate cartilage, thus stopping bone growth and preventing additional bone
lengthening.
Growing layers of cartilage also form synchondroses that join together the ilium, ischium, and pubic portions of
the hip bone during childhood and adolescence. When body growth stops, the cartilage disappears and is replaced by
bone, forming synostoses and fusing the bony components together into the single hip bone of the adult. Similarly,
synostoses unite the sacral vertebrae that fuse together to form the adult sacrum.
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Visit this website to view a
radiograph (X-ray image) of
a child’s hand and wrist.

Visit this website to view a radiograph (X-ray image) of a child’s hand and wrist. The growing bones of child have an
epiphyseal plate that forms a synchondrosis between the shaft and end of a long bone. Being less dense than bone,
the area of epiphyseal cartilage is seen on this radiograph as the dark epiphyseal gaps located near the ends of the
long bones, including the radius, ulna, metacarpal, and phalanx bones. Which of the bones in this image do not show
an epiphyseal plate (epiphyseal gap)?
Examples of permanent synchondroses are found in the thoracic cage. One example is the first sternocostal joint,
where the first rib is anchored to the manubrium by its costal cartilage. (The articulations of the remaining costal
cartilages to the sternum are all synovial joints.) Additional synchondroses are formed where the anterior end of
the other 11 ribs is joined to its costal cartilage. Unlike the temporary synchondroses of the epiphyseal plate, these
permanent synchondroses retain their hyaline cartilage and thus do not ossify with age. Due to the lack of movement
between the bone and cartilage, both temporary and permanent synchondroses are functionally classified as a
synarthrosis.

Symphysis
A cartilaginous joint where the bones are joined by fibrocartilage is called a symphysis (“growing together”).
Fibrocartilage is very strong because it contains numerous bundles of thick collagen fibers, thus giving it a much
greater ability to resist pulling and bending forces when compared with hyaline cartilage. This gives symphyses the
ability to strongly unite the adjacent bones, but can still allow for limited movement to occur. Thus, a symphysis is
functionally classified as an amphiarthrosis.
The gap separating the bones at a symphysis may be narrow or wide. Examples in which the gap between the bones
is narrow include the pubic symphysis and the manubriosternal joint. At the pubic symphysis, the pubic portions of
the right and left hip bones of the pelvis are joined together by fibrocartilage across a narrow gap. Similarly, at the
manubriosternal joint, fibrocartilage unites the manubrium and body portions of the sternum.
The intervertebral symphysis is a wide symphysis located between the bodies of adjacent vertebrae of the vertebral
column. Here a thick pad of fibrocartilage called an intervertebral disc strongly unites the adjacent vertebrae by filling
the gap between them. The width of the intervertebral symphysis is important because it allows for small movements
between the adjacent vertebrae. In addition, the thick intervertebral disc provides cushioning between the vertebrae,
which is important when carrying heavy objects or during high-impact activities such as running or jumping.

Chapter Review
There are two types of cartilaginous joints. A synchondrosis is formed when the adjacent bones are united by hyaline
cartilage. A temporary synchondrosis is formed by the epiphyseal plate of a growing long bone, which is lost when the
epiphyseal plate ossifies as the bone reaches maturity. The synchondrosis is thus replaced by a synostosis. Permanent
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synchondroses that do not ossify are found at the first sternocostal joint and between the anterior ends of the bony
ribs and the junction with their costal cartilage. A symphysis is where the bones are joined by fibrocartilage and the
gap between the bones may be narrow or wide. A narrow symphysis is found at the manubriosternal joint and at
the pubic symphysis. A wide symphysis is the intervertebral symphysis in which the bodies of adjacent vertebrae are
united by an intervertebral disc.

Interactive Link Questions
Go to this website to view a radiograph (X-ray image) of a child’s hand and wrist. The growing bones of child have an
epiphyseal plate that forms a synchondrosis between the shaft and end of a long bone. Being less dense than bone,
the area of epiphyseal cartilage is seen on this radiograph as the dark epiphyseal gaps located near the ends of the
long bones, including the radius, ulna, metacarpal, and phalanx bones. Which of the bones in this image do not show
an epiphyseal plate (epiphyseal gap)?
Although they are still growing, the carpal bones of the wrist area do not show an epiphyseal plate. Instead of
elongating, these bones grow in diameter by adding new bone to their surfaces.

Review Questions
1. A cartilaginous joint ________.

A. has a joint cavity
B. is called a symphysis when the bones are united by fibrocartilage
C. anchors the teeth to the jaws
D. is formed by a wide sheet of fibrous connective tissue
2. A synchondrosis is ________.

A. found at the pubic symphysis
B. where bones are connected together with fibrocartilage
C. a type of fibrous joint
D. found at the first sternocostal joint of the thoracic cage
3. Which of the following are joined by a symphysis?

A. adjacent vertebrae
B. the first rib and the sternum
C. the end and shaft of a long bone
D. the radius and ulna bones
4. The epiphyseal plate of a growing long bone in a child is classified as a ________.

A. synchondrosis
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B. synostosis
C. symphysis
D. syndesmosis

Critical Thinking Questions
1. Describe the two types of cartilaginous joints and give examples of each.

2. Both functional and structural classifications can be used to describe an individual joint. Define the first sternocostal joint and the pubic
symphysis using both functional and structural characteristics.

Glossary
symphysis
type of cartilaginous joint where the bones are joined by fibrocartilage
synchondrosis
type of cartilaginous joint where the bones are joined by hyaline cartilage

Solutions
Answers for Review Questions

1. B
2. D
3. A
4. A
Answers for Critical Thinking Questions

1. Cartilaginous joints are where the adjacent bones are joined by cartilage. At a synchondrosis, the bones are united by hyaline
cartilage. The epiphyseal plate of growing long bones and the first sternocostal joint that unites the first rib to the sternum are
examples of synchondroses. At a symphysis, the bones are joined by fibrocartilage, which is strong and flexible. Symphysis joints
include the intervertebral symphysis between adjacent vertebrae and the pubic symphysis that joins the pubic portions of the right
and left hip bones.
2. The first sternocostal joint is a synchondrosis type of cartilaginous joint in which hyaline cartilage unites the first rib to the
manubrium of the sternum. This forms an immobile (synarthrosis) type of joint. The pubic symphysis is a slightly mobile
(amphiarthrosis) cartilaginous joint, where the pubic portions of the right and left hip bones are united by fibrocartilage, thus
forming a symphysis.
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6

Synovial Joints

Learning Objectives
By the end of this section, you will be able to:

• Describe the structural features of a synovial joint
• Discuss the function of additional structures associated with synovial joints
• List the six types of synovial joints and give an example of each

Synovial joints are the most common type of joint in the body (Figure 1). A key structural characteristic for a synovial
joint that is not seen at fibrous or cartilaginous joints is the presence of a joint cavity. This fluid-filled space is the
site at which the articulating surfaces of the bones contact each other. Also unlike fibrous or cartilaginous joints, the
articulating bone surfaces at a synovial joint are not directly connected to each other with fibrous connective tissue
or cartilage. This gives the bones of a synovial joint the ability to move smoothly against each other, allowing for
increased joint mobility.
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Figure 1. Synovial Joints. Synovial joints allow for smooth movements between the
adjacent bones. The joint is surrounded by an articular capsule that defines a joint cavity
filled with synovial fluid. The articulating surfaces of the bones are covered by a thin
layer of articular cartilage. Ligaments support the joint by holding the bones together
and resisting excess or abnormal joint motions.

Structural Features of Synovial Joints
Synovial joints are characterized by the presence of a joint cavity. The walls of this space are formed by the articular
capsule, a fibrous connective tissue structure that is attached to each bone just outside the area of the bone’s
articulating surface. The bones of the joint articulate with each other within the joint cavity.
Friction between the bones at a synovial joint is prevented by the presence of the articular cartilage, a thin layer
of hyaline cartilage that covers the entire articulating surface of each bone. However, unlike at a cartilaginous
joint, the articular cartilages of each bone are not continuous with each other. Instead, the articular cartilage acts
®
like a Teflon coating over the bone surface, allowing the articulating bones to move smoothly against each other
without damaging the underlying bone tissue. Lining the inner surface of the articular capsule is a thin synovial
membrane. The cells of this membrane secrete synovial fluid (synovia = “a thick fluid”), a thick, slimy fluid that
provides lubrication to further reduce friction between the bones of the joint. This fluid also provides nourishment
to the articular cartilage, which does not contain blood vessels. The ability of the bones to move smoothly against
each other within the joint cavity, and the freedom of joint movement this provides, means that each synovial joint is
functionally classified as a diarthrosis.
Outside of their articulating surfaces, the bones are connected together by ligaments, which are strong bands of
fibrous connective tissue. These strengthen and support the joint by anchoring the bones together and preventing
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their separation. Ligaments allow for normal movements at a joint, but limit the range of these motions, thus
preventing excessive or abnormal joint movements. Ligaments are classified based on their relationship to the
fibrous articular capsule. An extrinsic ligament is located outside of the articular capsule, an intrinsic ligament is
fused to or incorporated into the wall of the articular capsule, and an intracapsular ligament is located inside of the
articular capsule.
At many synovial joints, additional support is provided by the muscles and their tendons that act across the joint. A
tendon is the dense connective tissue structure that attaches a muscle to bone. As forces acting on a joint increase, the
body will automatically increase the overall strength of contraction of the muscles crossing that joint, thus allowing
the muscle and its tendon to serve as a “dynamic ligament” to resist forces and support the joint. This type of indirect
support by muscles is very important at the shoulder joint, for example, where the ligaments are relatively weak.

Additional Structures Associated with Synovial Joints
A few synovial joints of the body have a fibrocartilage structure located between the articulating bones. This is
called an articular disc, which is generally small and oval-shaped, or a meniscus, which is larger and C-shaped.
These structures can serve several functions, depending on the specific joint. In some places, an articular disc may
act to strongly unite the bones of the joint to each other. Examples of this include the articular discs found at the
sternoclavicular joint or between the distal ends of the radius and ulna bones. At other synovial joints, the disc can
provide shock absorption and cushioning between the bones, which is the function of each meniscus within the knee
joint. Finally, an articular disc can serve to smooth the movements between the articulating bones, as seen at the
temporomandibular joint. Some synovial joints also have a fat pad, which can serve as a cushion between the bones.
Additional structures located outside of a synovial joint serve to prevent friction between the bones of the joint and
the overlying muscle tendons or skin. A bursa (plural = bursae) is a thin connective tissue sac filled with lubricating
liquid. They are located in regions where skin, ligaments, muscles, or muscle tendons can rub against each other,
usually near a body joint (Figure 2). Bursae reduce friction by separating the adjacent structures, preventing them
from rubbing directly against each other. Bursae are classified by their location. A subcutaneous bursa is located
between the skin and an underlying bone. It allows skin to move smoothly over the bone. Examples include the
prepatellar bursa located over the kneecap and the olecranon bursa at the tip of the elbow. A submuscular bursa is
found between a muscle and an underlying bone, or between adjacent muscles. These prevent rubbing of the muscle
during movements. A large submuscular bursa, the trochanteric bursa, is found at the lateral hip, between the greater
trochanter of the femur and the overlying gluteus maximus muscle. A subtendinous bursa is found between a tendon
and a bone. Examples include the subacromial bursa that protects the tendon of shoulder muscle as it passes under
the acromion of the scapula, and the suprapatellar bursa that separates the tendon of the large anterior thigh muscle
from the distal femur just above the knee.
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Figure 2. Bursae. Bursae are fluid-filled sacs that serve to prevent friction between skin,
muscle, or tendon and an underlying bone. Three major bursae and a fat pad are part of
the complex joint that unites the femur and tibia of the leg.

A tendon sheath is similar in structure to a bursa, but smaller. It is a connective tissue sac that surrounds a muscle
tendon at places where the tendon crosses a joint. It contains a lubricating fluid that allows for smooth motions of
the tendon during muscle contraction and joint movements.
Homeostatic Imbalances
Bursitis
Bursitis is the inflammation of a bursa near a joint. This will cause pain, swelling, or tenderness of the bursa and
surrounding area, and may also result in joint stiffness. Bursitis is most commonly associated with the bursae found
at or near the shoulder, hip, knee, or elbow joints. At the shoulder, subacromial bursitis may occur in the bursa that
separates the acromion of the scapula from the tendon of a shoulder muscle as it passes deep to the acromion. In the
hip region, trochanteric bursitis can occur in the bursa that overlies the greater trochanter of the femur, just below
the lateral side of the hip. Ischial bursitis occurs in the bursa that separates the skin from the ischial tuberosity of the
pelvis, the bony structure that is weight bearing when sitting. At the knee, inflammation and swelling of the bursa
located between the skin and patella bone is prepatellar bursitis (“housemaid’s knee”), a condition more commonly
seen today in roofers or floor and carpet installers who do not use knee pads. At the elbow, olecranon bursitis is
inflammation of the bursa between the skin and olecranon process of the ulna. The olecranon forms the bony tip of
the elbow, and bursitis here is also known as “student’s elbow.”
Bursitis can be either acute (lasting only a few days) or chronic. It can arise from muscle overuse, trauma,
excessive or prolonged pressure on the skin, rheumatoid arthritis, gout, or infection of the joint. Repeated acute
episodes of bursitis can result in a chronic condition. Treatments for the disorder include antibiotics if the bursitis
is caused by an infection, or anti-inflammatory agents, such as nonsteroidal anti-inflammatory drugs (NSAIDs) or
corticosteroids if the bursitis is due to trauma or overuse. Chronic bursitis may require that fluid be drained, but
additional surgery is usually not required.
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Types of Synovial Joints
Synovial joints are subdivided based on the shapes of the articulating surfaces of the bones that form each joint. The
six types of synovial joints are pivot, hinge, condyloid, saddle, plane, and ball-and socket-joints (Figure 3).
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Figure 3. Types of Synovial Joints. The six types of synovial joints allow the body to move in a variety of ways. (a) Pivot joints allow for rotation
around an axis, such as between the first and second cervical vertebrae, which allows for side-to-side rotation of the head. (b) The hinge
joint of the elbow works like a door hinge. (c) The articulation between the trapezium carpal bone and the first metacarpal bone at the base
of the thumb is a saddle joint. (d) Plane joints, such as those between the tarsal bones of the foot, allow for limited gliding movements
between bones. (e) The radiocarpal joint of the wrist is a condyloid joint. (f) The hip and shoulder joints are the only ball-and-socket joints of
the body.
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Pivot Joint
At a pivot joint, a rounded portion of a bone is enclosed within a ring formed partially by the articulation with another
bone and partially by a ligament (see Figure 3a). The bone rotates within this ring. Since the rotation is around a
single axis, pivot joints are functionally classified as a uniaxial diarthrosis type of joint. An example of a pivot joint is
the atlantoaxial joint, found between the C1 (atlas) and C2 (axis) vertebrae. Here, the upward projecting dens of the
axis articulates with the inner aspect of the atlas, where it is held in place by a ligament. Rotation at this joint allows
you to turn your head from side to side. A second pivot joint is found at the proximal radioulnar joint. Here, the head
of the radius is largely encircled by a ligament that holds it in place as it articulates with the radial notch of the ulna.
Rotation of the radius allows for forearm movements.

Hinge Joint
In a hinge joint, the convex end of one bone articulates with the concave end of the adjoining bone (see Figure 3b).
This type of joint allows only for bending and straightening motions along a single axis, and thus hinge joints are
functionally classified as uniaxial joints. A good example is the elbow joint, with the articulation between the trochlea
of the humerus and the trochlear notch of the ulna. Other hinge joints of the body include the knee, ankle, and
interphalangeal joints between the phalanx bones of the fingers and toes.

Condyloid Joint
At a condyloid joint (ellipsoid joint), the shallow depression at the end of one bone articulates with a rounded
structure from an adjacent bone or bones (see Figure 3e). The knuckle (metacarpophalangeal) joints of the hand
between the distal end of a metacarpal bone and the proximal phalanx bone are condyloid joints. Another example is
the radiocarpal joint of the wrist, between the shallow depression at the distal end of the radius bone and the rounded
scaphoid, lunate, and triquetrum carpal bones. In this case, the articulation area has a more oval (elliptical) shape.
Functionally, condyloid joints are biaxial joints that allow for two planes of movement. One movement involves the
bending and straightening of the fingers or the anterior-posterior movements of the hand. The second movement
is a side-to-side movement, which allows you to spread your fingers apart and bring them together, or to move your
hand in a medial-going or lateral-going direction.

Saddle Joint
At a saddle joint, both of the articulating surfaces for the bones have a saddle shape, which is concave in one direction
and convex in the other (see Figure 3c). This allows the two bones to fit together like a rider sitting on a saddle. Saddle
joints are functionally classified as biaxial joints. The primary example is the first carpometacarpal joint, between
the trapezium (a carpal bone) and the first metacarpal bone at the base of the thumb. This joint provides the thumb
the ability to move away from the palm of the hand along two planes. Thus, the thumb can move within the same
plane as the palm of the hand, or it can jut out anteriorly, perpendicular to the palm. This movement of the first
carpometacarpal joint is what gives humans their distinctive “opposable” thumbs. The sternoclavicular joint is also
classified as a saddle joint.

Plane Joint
At a plane joint (gliding joint), the articulating surfaces of the bones are flat or slightly curved and of approximately
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the same size, which allows the bones to slide against each other (see Figure 3d). The motion at this type of joint
is usually small and tightly constrained by surrounding ligaments. Based only on their shape, plane joints can
allow multiple movements, including rotation. Thus plane joints can be functionally classified as a multiaxial joint.
However, not all of these movements are available to every plane joint due to limitations placed on it by ligaments or
neighboring bones. Thus, depending upon the specific joint of the body, a plane joint may exhibit only a single type
of movement or several movements. Plane joints are found between the carpal bones (intercarpal joints) of the wrist
or tarsal bones (intertarsal joints) of the foot, between the clavicle and acromion of the scapula (acromioclavicular
joint), and between the superior and inferior articular processes of adjacent vertebrae (zygapophysial joints).

Ball-and-Socket Joint
The joint with the greatest range of motion is the ball-and-socket joint. At these joints, the rounded head of one bone
(the ball) fits into the concave articulation (the socket) of the adjacent bone (see Figure 3f). The hip joint and the
glenohumeral (shoulder) joint are the only ball-and-socket joints of the body. At the hip joint, the head of the femur
articulates with the acetabulum of the hip bone, and at the shoulder joint, the head of the humerus articulates with
the glenoid cavity of the scapula.
Ball-and-socket joints are classified functionally as multiaxial joints. The femur and the humerus are able to move
in both anterior-posterior and medial-lateral directions and they can also rotate around their long axis. The shallow
socket formed by the glenoid cavity allows the shoulder joint an extensive range of motion. In contrast, the deep
socket of the acetabulum and the strong supporting ligaments of the hip joint serve to constrain movements of the
femur, reflecting the need for stability and weight-bearing ability at the hip.

Watch this video to see an
animation of synovial joints
in action.

Watch this video to see an animation of synovial joints in action. Synovial joints are places where bones articulate
with each other inside of a joint cavity. The different types of synovial joints are the ball-and-socket joint (shoulder
joint), hinge joint (knee), pivot joint (atlantoaxial joint, between C1 and C2 vertebrae of the neck), condyloid joint
(radiocarpal joint of the wrist), saddle joint (first carpometacarpal joint, between the trapezium carpal bone and the
first metacarpal bone, at the base of the thumb), and plane joint (facet joints of vertebral column, between superior
and inferior articular processes). Which type of synovial joint allows for the widest range of motion?
Aging and the…
Joints
Arthritis is a common disorder of synovial joints that involves inflammation of the joint. This often results in
significant joint pain, along with swelling, stiffness, and reduced joint mobility. There are more than 100 different
forms of arthritis. Arthritis may arise from aging, damage to the articular cartilage, autoimmune diseases, bacterial
or viral infections, or unknown (probably genetic) causes.
The most common type of arthritis is osteoarthritis, which is associated with aging and “wear and tear” of the
articular cartilage (Figure 4). Risk factors that may lead to osteoarthritis later in life include injury to a joint; jobs that
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involve physical labor; sports with running, twisting, or throwing actions; and being overweight. These factors put
stress on the articular cartilage that covers the surfaces of bones at synovial joints, causing the cartilage to gradually
become thinner. As the articular cartilage layer wears down, more pressure is placed on the bones. The joint responds
by increasing production of the lubricating synovial fluid, but this can lead to swelling of the joint cavity, causing
pain and joint stiffness as the articular capsule is stretched. The bone tissue underlying the damaged articular
cartilage also responds by thickening, producing irregularities and causing the articulating surface of the bone to
become rough or bumpy. Joint movement then results in pain and inflammation. In its early stages, symptoms of
osteoarthritis may be reduced by mild activity that “warms up” the joint, but the symptoms may worsen following
exercise. In individuals with more advanced osteoarthritis, the affected joints can become more painful and therefore
are difficult to use effectively, resulting in increased immobility. There is no cure for osteoarthritis, but several
treatments can help alleviate the pain. Treatments may include lifestyle changes, such as weight loss and low-impact
exercise, and over-the-counter or prescription medications that help to alleviate the pain and inflammation. For
severe cases, joint replacement surgery (arthroplasty) may be required.
Joint replacement is a very invasive procedure, so other treatments are always tried before surgery. However
arthroplasty can provide relief from chronic pain and can enhance mobility within a few months following the
surgery. This type of surgery involves replacing the articular surfaces of the bones with prosthesis (artificial
components). For example, in hip arthroplasty, the worn or damaged parts of the hip joint, including the head and
neck of the femur and the acetabulum of the pelvis, are removed and replaced with artificial joint components. The
replacement head for the femur consists of a rounded ball attached to the end of a shaft that is inserted inside the
diaphysis of the femur. The acetabulum of the pelvis is reshaped and a replacement socket is fitted into its place. The
parts, which are always built in advance of the surgery, are sometimes custom made to produce the best possible fit
for a patient.
Gout is a form of arthritis that results from the deposition of uric acid crystals within a body joint. Usually only one
or a few joints are affected, such as the big toe, knee, or ankle. The attack may only last a few days, but may return
to the same or another joint. Gout occurs when the body makes too much uric acid or the kidneys do not properly
excrete it. A diet with excessive fructose has been implicated in raising the chances of a susceptible individual
developing gout.
Other forms of arthritis are associated with various autoimmune diseases, bacterial infections of the joint, or
unknown genetic causes. Autoimmune diseases, including rheumatoid arthritis, scleroderma, or systemic lupus
erythematosus, produce arthritis because the immune system of the body attacks the body joints. In rheumatoid
arthritis, the joint capsule and synovial membrane become inflamed. As the disease progresses, the articular cartilage
is severely damaged or destroyed, resulting in joint deformation, loss of movement, and severe disability. The most
commonly involved joints are the hands, feet, and cervical spine, with corresponding joints on both sides of the body
usually affected, though not always to the same extent. Rheumatoid arthritis is also associated with lung fibrosis,
vasculitis (inflammation of blood vessels), coronary heart disease, and premature mortality. With no known cure,
treatments are aimed at alleviating symptoms. Exercise, anti-inflammatory and pain medications, various specific
disease-modifying anti-rheumatic drugs, or surgery are used to treat rheumatoid arthritis.
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Figure 4. Osteoarthritis. Osteoarthritis of a synovial joint results from aging or prolonged joint
wear and tear. These cause erosion and loss of the articular cartilage covering the surfaces of the
bones, resulting in inflammation that causes joint stiffness and pain.

Visit this website to learn
about a patient who arrives
at the hospital with joint
pain and weakness in his
legs. What caused this
patient’s weakness?

Visit this website to learn about a patient who arrives at the hospital with joint pain and weakness in his legs. What
caused this patient’s weakness?

Watch this animation to
observe hip replacement
surgery (total hip
arthroplasty), which can be
used to alleviate the pain
and loss of joint mobility
associated with
osteoarthritis of the hip
joint. What is the most
common cause of hip
disability?
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Watch this animation to observe hip replacement surgery (total hip arthroplasty), which can be used to alleviate the
pain and loss of joint mobility associated with osteoarthritis of the hip joint. What is the most common cause of hip
disability?

Watch this video to learn
about the symptoms and
treatments for rheumatoid
arthritis. Which system of
the body malfunctions in
rheumatoid arthritis and
what does this cause?

Watch this video to learn about the symptoms and treatments for rheumatoid arthritis. Which system of the body
malfunctions in rheumatoid arthritis and what does this cause?

Chapter Review
Synovial joints are the most common type of joints in the body. They are characterized by the presence of a joint
cavity, inside of which the bones of the joint articulate with each other. The articulating surfaces of the bones at a
synovial joint are not directly connected to each other by connective tissue or cartilage, which allows the bones to
move freely against each other. The walls of the joint cavity are formed by the articular capsule. Friction between the
bones is reduced by a thin layer of articular cartilage covering the surfaces of the bones, and by a lubricating synovial
fluid, which is secreted by the synovial membrane.
Synovial joints are strengthened by the presence of ligaments, which hold the bones together and resist excessive
or abnormal movements of the joint. Ligaments are classified as extrinsic ligaments if they are located outside of the
articular capsule, intrinsic ligaments if they are fused to the wall of the articular capsule, or intracapsular ligaments
if they are located inside the articular capsule. Some synovial joints also have an articular disc (meniscus), which can
provide padding between the bones, smooth their movements, or strongly join the bones together to strengthen the
joint. Muscles and their tendons acting across a joint can also increase their contractile strength when needed, thus
providing indirect support for the joint.
Bursae contain a lubricating fluid that serves to reduce friction between structures. Subcutaneous bursae prevent
friction between the skin and an underlying bone, submuscular bursae protect muscles from rubbing against a bone
or another muscle, and a subtendinous bursa prevents friction between bone and a muscle tendon. Tendon sheaths
contain a lubricating fluid and surround tendons to allow for smooth movement of the tendon as it crosses a joint.
Based on the shape of the articulating bone surfaces and the types of movement allowed, synovial joints are
classified into six types. At a pivot joint, one bone is held within a ring by a ligament and its articulation with a second
bone. Pivot joints only allow for rotation around a single axis. These are found at the articulation between the C1
(atlas) and the dens of the C2 (axis) vertebrae, which provides the side-to-side rotation of the head, or at the proximal
radioulnar joint between the head of the radius and the radial notch of the ulna, which allows for rotation of the
radius during forearm movements. Hinge joints, such as at the elbow, knee, ankle, or interphalangeal joints between
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phalanx bones of the fingers and toes, allow only for bending and straightening of the joint. Pivot and hinge joints
are functionally classified as uniaxial joints.
Condyloid joints are found where the shallow depression of one bone receives a rounded bony area formed by one
or two bones. Condyloid joints are found at the base of the fingers (metacarpophalangeal joints) and at the wrist
(radiocarpal joint). At a saddle joint, the articulating bones fit together like a rider and a saddle. An example is the first
carpometacarpal joint located at the base of the thumb. Both condyloid and saddle joints are functionally classified
as biaxial joints.
Plane joints are formed between the small, flattened surfaces of adjacent bones. These joints allow the bones
to slide or rotate against each other, but the range of motion is usually slight and tightly limited by ligaments
or surrounding bones. This type of joint is found between the articular processes of adjacent vertebrae, at the
acromioclavicular joint, or at the intercarpal joints of the hand and intertarsal joints of the foot. Ball-and-socket
joints, in which the rounded head of a bone fits into a large depression or socket, are found at the shoulder and
hip joints. Both plane and ball-and-sockets joints are classified functionally as multiaxial joints. However, ball-andsocket joints allow for large movements, while the motions between bones at a plane joint are small.

Interactive Link Questions
Watch this video to see an animation of synovial joints in action. Synovial joints are places where bones articulate
with each other inside of a joint cavity. The different types of synovial joints are the ball-and-socket joint (shoulder
joint), hinge joint (knee), pivot joint (atlantoaxial joint, between C1 and C2 vertebrae of the neck), condyloid joint
(radiocarpal joint of the wrist), saddle joint (first carpometacarpal joint, between the trapezium carpal bone and the
first metacarpal bone, at the base of the thumb), and plane joint (facet joints of vertebral column, between superior
and inferior articular processes). Which type of synovial joint allows for the widest ranges of motion?
Ball-and-socket joint.
Visit this website to read about a patient who arrives at the hospital with joint pain and weakness in his legs. What
caused this patient’s weakness?
Gout is due to the accumulation of uric acid crystals in the body. Usually these accumulate within joints, causing joint
pain. This patient also had crystals that accumulated in the space next to his spinal cord, thus compressing the spinal
cord and causing muscle weakness.
Watch this animation to observe hip replacement surgery (total hip arthroplasty), which can be used to alleviate the
pain and loss of joint mobility associated with osteoarthritis of the hip joint. What is the most common cause of hip
disability?
The most common cause of hip disability is osteoarthritis, a chronic disease in which the articular cartilage of the
joint wears away, resulting in severe hip pain and stiffness.
Watch this video to learn about the symptoms and treatments for rheumatoid arthritis. Which system of the body
malfunctions in rheumatoid arthritis and what does this cause?
The immune system malfunctions and attacks healthy cells in the lining of your joints. This causes inflammation and
pain in the joints and surrounding tissues.

Review Questions
1. Which type of joint provides the greatest range of motion?
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A. ball-and-socket
B. hinge
C. condyloid
D. plane
2. Which type of joint allows for only uniaxial movement?

A. saddle joint
B. hinge joint
C. condyloid joint
D. ball-and-socket joint
3. Which of the following is a type of synovial joint?

A. a synostosis
B. a suture
C. a plane joint
D. a synchondrosis
4. A bursa ________.

A. surrounds a tendon at the point where the tendon crosses a joint
B. secretes the lubricating fluid for a synovial joint
C. prevents friction between skin and bone, or a muscle tendon and bone
D. is the strong band of connective tissue that holds bones together at a synovial joint
5. At synovial joints, ________.

A. the articulating ends of the bones are directly connected by fibrous connective tissue
B. the ends of the bones are enclosed within a space called a subcutaneous bursa
C. intrinsic ligaments are located entirely inside of the articular capsule
D. the joint cavity is filled with a thick, lubricating fluid
6. At a synovial joint, the synovial membrane ________.

A. forms the fibrous connective walls of the joint cavity
B. is the layer of cartilage that covers the articulating surfaces of the bones
C. forms the intracapsular ligaments
D. secretes the lubricating synovial fluid
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7. Condyloid joints ________.

A. are a type of ball-and-socket joint
B. include the radiocarpal joint
C. are a uniaxial diarthrosis joint
D. are found at the proximal radioulnar joint
8. A meniscus is ________.

A. a fibrocartilage pad that provides padding between bones
B. a fluid-filled space that prevents friction between a muscle tendon and underlying bone
C. the articular cartilage that covers the ends of a bone at a synovial joint
D. the lubricating fluid within a synovial joint

Critical Thinking Questions
1. Describe the characteristic structures found at all synovial joints.

2. Describe the structures that provide direct and indirect support for a synovial joint.

Glossary
articular capsule
connective tissue structure that encloses the joint cavity of a synovial joint
articular cartilage
thin layer of hyaline cartilage that covers the articulating surfaces of bones at a synovial joint
articular disc
meniscus; a fibrocartilage structure found between the bones of some synovial joints; provides padding or
smooths movements between the bones; strongly unites the bones together
ball-and-socket joint
synovial joint formed between the spherical end of one bone (the ball) that fits into the depression of a second
bone (the socket); found at the hip and shoulder joints; functionally classified as a multiaxial joint
bursa
connective tissue sac containing lubricating fluid that prevents friction between adjacent structures, such as
skin and bone, tendons and bone, or between muscles
condyloid joint
synovial joint in which the shallow depression at the end of one bone receives a rounded end from a second
bone or a rounded structure formed by two bones; found at the metacarpophalangeal joints of the fingers or
the radiocarpal joint of the wrist; functionally classified as a biaxial joint
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extrinsic ligament
ligament located outside of the articular capsule of a synovial joint
hinge joint
synovial joint at which the convex surface of one bone articulates with the concave surface of a second bone;
includes the elbow, knee, ankle, and interphalangeal joints; functionally classified as a uniaxial joint
intracapsular ligament
ligament that is located within the articular capsule of a synovial joint
intrinsic ligament
ligament that is fused to or incorporated into the wall of the articular capsule of a synovial joint
meniscus
articular disc
pivot joint
synovial joint at which the rounded portion of a bone rotates within a ring formed by a ligament and an
articulating bone; functionally classified as uniaxial joint
plane joint
synovial joint formed between the flattened articulating surfaces of adjacent bones; functionally classified as a
multiaxial joint
proximal radioulnar joint
articulation between head of radius and radial notch of ulna; uniaxial pivot joint that allows for rotation of
radius during pronation/supination of forearm
saddle joint
synovial joint in which the articulating ends of both bones are convex and concave in shape, such as at the first
carpometacarpal joint at the base of the thumb; functionally classified as a biaxial joint
subcutaneous bursa
bursa that prevents friction between skin and an underlying bone
submuscular bursa
bursa that prevents friction between bone and a muscle or between adjacent muscles
subtendinous bursa
bursa that prevents friction between bone and a muscle tendon
synovial fluid
thick, lubricating fluid that fills the interior of a synovial joint
synovial membrane
thin layer that lines the inner surface of the joint cavity at a synovial joint; produces the synovial fluid
tendon
dense connective tissue structure that anchors a muscle to bone
tendon sheath
connective tissue that surrounds a tendon at places where the tendon crosses a joint; contains a lubricating
fluid to prevent friction and allow smooth movements of the tendon

Solutions
Answers for Review Questions
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1. A
2. B
3. C
4. C
5. D
6. D
7. B
8. A
Answers for Critical Thinking Questions

1. All synovial joints have a joint cavity filled with synovial fluid that is the site at which the bones of the joint articulate with each
other. The articulating surfaces of the bones are covered by articular cartilage, a thin layer of hyaline cartilage. The walls of the joint
cavity are formed by the connective tissue of the articular capsule. The synovial membrane lines the interior surface of the joint
cavity and secretes the synovial fluid. Synovial joints are directly supported by ligaments, which span between the bones of the joint.
These may be located outside of the articular capsule (extrinsic ligaments), incorporated or fused to the wall of the articular capsule
(intrinsic ligaments), or found inside of the articular capsule (intracapsular ligaments). Ligaments hold the bones together and also
serve to resist or prevent excessive or abnormal movements of the joint.
2. Direct support for a synovial joint is provided by ligaments that strongly unite the bones of the joint and serve to resist excessive or
abnormal movements. Some joints, such as the sternoclavicular joint, have an articular disc that is attached to both bones, where it
provides direct support by holding the bones together. Indirect joint support is provided by the muscles and their tendons that act
across a joint. Muscles will increase their contractile force to help support the joint by resisting forces acting on it.
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7

Anatomy of Selected Synovial Joints

Learning Objectives
By the end of this section, you will be able to

• Describe the bones that articulate together to form selected synovial joints
• Discuss the movements available at each joint
• Describe the structures that support and prevent excess movements at each joint

Each synovial joint of the body is specialized to perform certain movements. The movements that are allowed are
determined by the structural classification for each joint. For example, a multiaxial ball-and-socket joint has much
more mobility than a uniaxial hinge joint. However, the ligaments and muscles that support a joint may place
restrictions on the total range of motion available. Thus, the ball-and-socket joint of the shoulder has little in the way
of ligament support, which gives the shoulder a very large range of motion. In contrast, movements at the hip joint
are restricted by strong ligaments, which reduce its range of motion but confer stability during standing and weight
bearing.
This section will examine the anatomy of selected synovial joints of the body. Anatomical names for most joints are
derived from the names of the bones that articulate at that joint, although some joints, such as the elbow, hip, and
knee joints are exceptions to this general naming scheme.

Articulations of the Vertebral Column
In addition to being held together by the intervertebral discs, adjacent vertebrae also articulate with each other at
synovial joints formed between the superior and inferior articular processes called zygapophysial joints (facet joints)
(see Chapter 9.1 Figure 2). These are plane joints that provide for only limited motions between the vertebrae. The
orientation of the articular processes at these joints varies in different regions of the vertebral column and serves to
determine the types of motions available in each vertebral region. The cervical and lumbar regions have the greatest
ranges of motions.
In the neck, the articular processes of cervical vertebrae are flattened and generally face upward or downward.
This orientation provides the cervical vertebral column with extensive ranges of motion for flexion, extension, lateral
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flexion, and rotation. In the thoracic region, the downward projecting and overlapping spinous processes, along with
the attached thoracic cage, greatly limit flexion, extension, and lateral flexion. However, the flattened and vertically
positioned thoracic articular processes allow for the greatest range of rotation within the vertebral column. The
lumbar region allows for considerable extension, flexion, and lateral flexion, but the orientation of the articular
processes largely prohibits rotation.
The articulations formed between the skull, the atlas (C1 vertebra), and the axis (C2 vertebra) differ from the
articulations in other vertebral areas and play important roles in movement of the head. The atlanto-occipital joint
is formed by the articulations between the superior articular processes of the atlas and the occipital condyles on the
base of the skull. This articulation has a pronounced U-shaped curvature, oriented along the anterior-posterior axis.
This allows the skull to rock forward and backward, producing flexion and extension of the head. This moves the head
up and down, as when shaking your head “yes.”
The atlantoaxial joint, between the atlas and axis, consists of three articulations. The paired superior articular
processes of the axis articulate with the inferior articular processes of the atlas. These articulating surfaces are
relatively flat and oriented horizontally. The third articulation is the pivot joint formed between the dens, which
projects upward from the body of the axis, and the inner aspect of the anterior arch of the atlas (Figure 1). A strong
ligament passes posterior to the dens to hold it in position against the anterior arch. These articulations allow the
atlas to rotate on top of the axis, moving the head toward the right or left, as when shaking your head “no.”

Figure 1. Atlantoaxial Joint. The atlantoaxial joint is a pivot type of joint between
the dens portion of the axis (C2 vertebra) and the anterior arch of the atlas (C1
vertebra), with the dens held in place by a ligament.

Temporomandibular Joint
The temporomandibular joint (TMJ) is the joint that allows for opening (mandibular depression) and closing
(mandibular elevation) of the mouth, as well as side-to-side and protraction/retraction motions of the lower jaw.
This joint involves the articulation between the mandibular fossa and articular tubercle of the temporal bone, with
the condyle (head) of the mandible. Located between these bony structures, filling the gap between the skull and
mandible, is a flexible articular disc (Figure 2). This disc serves to smooth the movements between the temporal bone
and mandibular condyle.
Movement at the TMJ during opening and closing of the mouth involves both gliding and hinge motions of the
mandible. With the mouth closed, the mandibular condyle and articular disc are located within the mandibular
fossa of the temporal bone. During opening of the mouth, the mandible hinges downward and at the same time
is pulled anteriorly, causing both the condyle and the articular disc to glide forward from the mandibular fossa
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onto the downward projecting articular tubercle. The net result is a forward and downward motion of the condyle
and mandibular depression. The temporomandibular joint is supported by an extrinsic ligament that anchors the
mandible to the skull. This ligament spans the distance between the base of the skull and the lingula on the medial
side of the mandibular ramus.
Dislocation of the TMJ may occur when opening the mouth too wide (such as when taking a large bite) or following
a blow to the jaw, resulting in the mandibular condyle moving beyond (anterior to) the articular tubercle. In this
case, the individual would not be able to close his or her mouth. Temporomandibular joint disorder is a painful
condition that may arise due to arthritis, wearing of the articular cartilage covering the bony surfaces of the joint,
muscle fatigue from overuse or grinding of the teeth, damage to the articular disc within the joint, or jaw injury.
Temporomandibular joint disorders can also cause headache, difficulty chewing, or even the inability to move the jaw
(lock jaw). Pharmacologic agents for pain or other therapies, including bite guards, are used as treatments.

Figure 2. Temporomandibular Joint. The temporomandibular joint is the articulation
between the temporal bone of the skull and the condyle of the mandible, with an
articular disc located between these bones. During depression of the mandible (opening
of the mouth), the mandibular condyle moves both forward and hinges downward as it
travels from the mandibular fossa onto the articular tubercle.

Watch this video to learn
about TMJ.

Watch this video to learn about TMJ. Opening of the mouth requires the combination of two motions at the
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temporomandibular joint, an anterior gliding motion of the articular disc and mandible and the downward hinging
of the mandible. What is the initial movement of the mandible during opening and how much mouth opening does
this produce?

Shoulder Joint
The shoulder joint is called the glenohumeral joint. This is a ball-and-socket joint formed by the articulation between
the head of the humerus and the glenoid cavity of the scapula (Figure 3). This joint has the largest range of motion
of any joint in the body. However, this freedom of movement is due to the lack of structural support and thus the
enhanced mobility is offset by a loss of stability.

Figure 3. Glenohumeral Joint. The glenohumeral (shoulder) joint is a ball-and-socket joint that
provides the widest range of motions. It has a loose articular capsule and is supported by ligaments
and the rotator cuff muscles.

The large range of motions at the shoulder joint is provided by the articulation of the large, rounded humeral
head with the small and shallow glenoid cavity, which is only about one third of the size of the humeral head. The
socket formed by the glenoid cavity is deepened slightly by a small lip of fibrocartilage called the glenoid labrum,
which extends around the outer margin of the cavity. The articular capsule that surrounds the glenohumeral joint is
relatively thin and loose to allow for large motions of the upper limb. Some structural support for the joint is provided
by thickenings of the articular capsule wall that form weak intrinsic ligaments. These include the coracohumeral
ligament, running from the coracoid process of the scapula to the anterior humerus, and three ligaments, each called
a glenohumeral ligament, located on the anterior side of the articular capsule. These ligaments help to strengthen
the superior and anterior capsule walls.
However, the primary support for the shoulder joint is provided by muscles crossing the joint, particularly the
four rotator cuff muscles. These muscles (supraspinatus, infraspinatus, teres minor, and subscapularis) arise from
the scapula and attach to the greater or lesser tubercles of the humerus. As these muscles cross the shoulder joint,
their tendons encircle the head of the humerus and become fused to the anterior, superior, and posterior walls of
the articular capsule. The thickening of the capsule formed by the fusion of these four muscle tendons is called the
rotator cuff. Two bursae, the subacromial bursa and the subscapular bursa, help to prevent friction between the
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rotator cuff muscle tendons and the scapula as these tendons cross the glenohumeral joint. In addition to their
individual actions of moving the upper limb, the rotator cuff muscles also serve to hold the head of the humerus in
position within the glenoid cavity. By constantly adjusting their strength of contraction to resist forces acting on
the shoulder, these muscles serve as “dynamic ligaments” and thus provide the primary structural support for the
glenohumeral joint.
Injuries to the shoulder joint are common. Repetitive use of the upper limb, particularly in abduction such as
during throwing, swimming, or racquet sports, may lead to acute or chronic inflammation of the bursa or muscle
tendons, a tear of the glenoid labrum, or degeneration or tears of the rotator cuff. Because the humeral head is
strongly supported by muscles and ligaments around its anterior, superior, and posterior aspects, most dislocations
of the humerus occur in an inferior direction. This can occur when force is applied to the humerus when the upper
limb is fully abducted, as when diving to catch a baseball and landing on your hand or elbow. Inflammatory responses
to any shoulder injury can lead to the formation of scar tissue between the articular capsule and surrounding
structures, thus reducing shoulder mobility, a condition called adhesive capsulitis (“frozen shoulder”).

Watch this video for a
tutorial on the anatomy of
the shoulder joint. What
movements are available at
the shoulder joint?

Watch this video for a tutorial on the anatomy of the shoulder joint. What movements are available at the shoulder
joint?

Watch this video to learn
more about the anatomy of
the shoulder joint,
including bones, joints,
muscles, nerves, and blood
vessels.

Watch this video to learn more about the anatomy of the shoulder joint, including bones, joints, muscles, nerves, and
blood vessels. What is the shape of the glenoid labrum in cross-section, and what is the importance of this shape?

64 | LAYCI HARRISON

Elbow Joint
The elbow joint is a uniaxial hinge joint formed by the humeroulnar joint, the articulation between the trochlea of
the humerus and the trochlear notch of the ulna. Also associated with the elbow are the humeroradial joint and the
proximal radioulnar joint. All three of these joints are enclosed within a single articular capsule (Figure 4).
The articular capsule of the elbow is thin on its anterior and posterior aspects, but is thickened along its outside
margins by strong intrinsic ligaments. These ligaments prevent side-to-side movements and hyperextension. On the
medial side is the triangular ulnar collateral ligament. This arises from the medial epicondyle of the humerus and
attaches to the medial side of the proximal ulna. The strongest part of this ligament is the anterior portion, which
resists hyperextension of the elbow. The ulnar collateral ligament may be injured by frequent, forceful extensions of
the forearm, as is seen in baseball pitchers. Reconstructive surgical repair of this ligament is referred to as Tommy
John surgery, named for the former major league pitcher who was the first person to have this treatment.
The lateral side of the elbow is supported by the radial collateral ligament. This arises from the lateral epicondyle
of the humerus and then blends into the lateral side of the annular ligament. The annular ligament encircles the head
of the radius. This ligament supports the head of the radius as it articulates with the radial notch of the ulna at the
proximal radioulnar joint. This is a pivot joint that allows for rotation of the radius during supination and pronation
of the forearm.
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Figure 4. Elbow Joint. (a) The elbow is a hinge joint that allows only for flexion and extension of the forearm. (b) It is supported by the ulnar and
radial collateral ligaments. (c) The annular ligament supports the head of the radius at the proximal radioulnar joint, the pivot joint that allows
for rotation of the radius.

Watch this animation to
learn more about the
anatomy of the elbow joint.
Which structures provide
the main stability for the
elbow?

Watch this animation to learn more about the anatomy of the elbow joint. Which structures provide the main
stability for the elbow?
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Watch this video to learn
more about the anatomy of
the elbow joint, including
bones, joints, muscles,
nerves, and blood vessels.
What are the functions of
the articular cartilage?

Watch this video to learn more about the anatomy of the elbow joint, including bones, joints, muscles, nerves, and
blood vessels. What are the functions of the articular cartilage?

Hip Joint
The hip joint is a multiaxial ball-and-socket joint between the head of the femur and the acetabulum of the hip
bone (Figure 5). The hip carries the weight of the body and thus requires strength and stability during standing and
walking. For these reasons, its range of motion is more limited than at the shoulder joint.
The acetabulum is the socket portion of the hip joint. This space is deep and has a large articulation area for the
femoral head, thus giving stability and weight bearing ability to the joint. The acetabulum is further deepened by the
acetabular labrum, a fibrocartilage lip attached to the outer margin of the acetabulum. The surrounding articular
capsule is strong, with several thickened areas forming intrinsic ligaments. These ligaments arise from the hip bone,
at the margins of the acetabulum, and attach to the femur at the base of the neck. The ligaments are the iliofemoral
ligament, pubofemoral ligament, and ischiofemoral ligament, all of which spiral around the head and neck of the
femur. The ligaments are tightened by extension at the hip, thus pulling the head of the femur tightly into the
acetabulum when in the upright, standing position. Very little additional extension of the thigh is permitted beyond
this vertical position. These ligaments thus stabilize the hip joint and allow you to maintain an upright standing
position with only minimal muscle contraction. Inside of the articular capsule, the ligament of the head of the femur
(ligamentum teres) spans between the acetabulum and femoral head. This intracapsular ligament is normally slack
and does not provide any significant joint support, but it does provide a pathway for an important artery that supplies
the head of the femur.
The hip is prone to osteoarthritis, and thus was the first joint for which a replacement prosthesis was developed. A
common injury in elderly individuals, particularly those with weakened bones due to osteoporosis, is a “broken hip,”
which is actually a fracture of the femoral neck. This may result from a fall, or it may cause the fall. This can happen
as one lower limb is taking a step and all of the body weight is placed on the other limb, causing the femoral neck to
break and producing a fall. Any accompanying disruption of the blood supply to the femoral neck or head can lead to
necrosis of these areas, resulting in bone and cartilage death. Femoral fractures usually require surgical treatment,
after which the patient will need mobility assistance for a prolonged period, either from family members or in a
long-term care facility. Consequentially, the associated health care costs of “broken hips” are substantial. In addition,
hip fractures are associated with increased rates of morbidity (incidences of disease) and mortality (death). Surgery
for a hip fracture followed by prolonged bed rest may lead to life-threatening complications, including pneumonia,
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infection of pressure ulcers (bedsores), and thrombophlebitis (deep vein thrombosis; blood clot formation) that can
result in a pulmonary embolism (blood clot within the lung).

Figure 5. Hip Joint. (a) The ball-and-socket joint of the hip is a multiaxial joint
that provides both stability and a wide range of motion. (b–c) When standing,
the supporting ligaments are tight, pulling the head of the femur into the
acetabulum.
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Watch this video for a
tutorial on the anatomy of
the hip joint. What is a
possible consequence
following a fracture of the
femoral neck within the
capsule of the hip joint?

Watch this video for a tutorial on the anatomy of the hip joint. What is a possible consequence following a fracture of
the femoral neck within the capsule of the hip joint?

Watch this video to learn
more about the anatomy of
the hip joint, including
bones, joints, muscles,
nerves, and blood vessels.
Where is the articular
cartilage thickest within the
hip joint?

Watch this video to learn more about the anatomy of the hip joint, including bones, joints, muscles, nerves, and blood
vessels. Where is the articular cartilage thickest within the hip joint?

Knee Joint
The knee joint is the largest joint of the body (Figure 6). It actually consists of three articulations. The femoropatellar
joint is found between the patella and the distal femur. The medial tibiofemoral joint and lateral tibiofemoral joint
are located between the medial and lateral condyles of the femur and the medial and lateral condyles of the tibia.
All of these articulations are enclosed within a single articular capsule. The knee functions as a hinge joint, allowing
flexion and extension of the leg. This action is generated by both rolling and gliding motions of the femur on the tibia.
In addition, some rotation of the leg is available when the knee is flexed, but not when extended. The knee is well
constructed for weight bearing in its extended position, but is vulnerable to injuries associated with hyperextension,
twisting, or blows to the medial or lateral side of the joint, particularly while weight bearing.
At the femoropatellar joint, the patella slides vertically within a groove on the distal femur. The patella is a
sesamoid bone incorporated into the tendon of the quadriceps femoris muscle, the large muscle of the anterior thigh.
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The patella serves to protect the quadriceps tendon from friction against the distal femur. Continuing from the
patella to the anterior tibia just below the knee is the patellar ligament. Acting via the patella and patellar ligament,
the quadriceps femoris is a powerful muscle that acts to extend the leg at the knee. It also serves as a “dynamic
ligament” to provide very important support and stabilization for the knee joint.
The medial and lateral tibiofemoral joints are the articulations between the rounded condyles of the femur and the
relatively flat condyles of the tibia. During flexion and extension motions, the condyles of the femur both roll and
glide over the surfaces of the tibia. The rolling action produces flexion or extension, while the gliding action serves
to maintain the femoral condyles centered over the tibial condyles, thus ensuring maximal bony, weight-bearing
support for the femur in all knee positions. As the knee comes into full extension, the femur undergoes a slight
medial rotation in relation to tibia. The rotation results because the lateral condyle of the femur is slightly smaller
than the medial condyle. Thus, the lateral condyle finishes its rolling motion first, followed by the medial condyle. The
resulting small medial rotation of the femur serves to “lock” the knee into its fully extended and most stable position.
Flexion of the knee is initiated by a slight lateral rotation of the femur on the tibia, which “unlocks” the knee. This
lateral rotation motion is produced by the popliteus muscle of the posterior leg.
Located between the articulating surfaces of the femur and tibia are two articular discs, the medial meniscus and
lateral meniscus (see Figure 6b). Each is a C-shaped fibrocartilage structure that is thin along its inside margin and
thick along the outer margin. They are attached to their tibial condyles, but do not attach to the femur. While both
menisci are free to move during knee motions, the medial meniscus shows less movement because it is anchored
at its outer margin to the articular capsule and tibial collateral ligament. The menisci provide padding between the
bones and help to fill the gap between the round femoral condyles and flattened tibial condyles. Some areas of each
meniscus lack an arterial blood supply and thus these areas heal poorly if damaged.
The knee joint has multiple ligaments that provide support, particularly in the extended position (see Figure 6c).
Outside of the articular capsule, located at the sides of the knee, are two extrinsic ligaments. The fibular collateral
ligament (lateral collateral ligament) is on the lateral side and spans from the lateral epicondyle of the femur to the
head of the fibula. The tibial collateral ligament (medial collateral ligament) of the medial knee runs from the medial
epicondyle of the femur to the medial tibia. As it crosses the knee, the tibial collateral ligament is firmly attached on
its deep side to the articular capsule and to the medial meniscus, an important factor when considering knee injuries.
In the fully extended knee position, both collateral ligaments are taut (tight), thus serving to stabilize and support the
extended knee and preventing side-to-side or rotational motions between the femur and tibia.
The articular capsule of the posterior knee is thickened by intrinsic ligaments that help to resist knee
hyperextension. Inside the knee are two intracapsular ligaments, the anterior cruciate ligament and posterior
cruciate ligament. These ligaments are anchored inferiorly to the tibia at the intercondylar eminence, the roughened
area between the tibial condyles. The cruciate ligaments are named for whether they are attached anteriorly or
posteriorly to this tibial region. Each ligament runs diagonally upward to attach to the inner aspect of a femoral
condyle. The cruciate ligaments are named for the X-shape formed as they pass each other (cruciate means “cross”).
The posterior cruciate ligament is the stronger ligament. It serves to support the knee when it is flexed and weight
bearing, as when walking downhill. In this position, the posterior cruciate ligament prevents the femur from sliding
anteriorly off the top of the tibia. The anterior cruciate ligament becomes tight when the knee is extended, and thus
resists hyperextension.
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Figure 6. Knee Joint. (a) The knee joint is the largest joint of the body. (b)–(c) It is supported by the tibial and fibular collateral ligaments located
on the sides of the knee outside of the articular capsule, and the anterior and posterior cruciate ligaments found inside the capsule. The medial
and lateral menisci provide padding and support between the femoral condyles and tibial condyles.

Watch this video to learn
more about the flexion and
extension of the knee, as
the femur both rolls and
glides on the tibia to
maintain stable contact
between the bones in all
knee positions.

Watch this video to learn more about the flexion and extension of the knee, as the femur both rolls and glides on
the tibia to maintain stable contact between the bones in all knee positions. The patella glides along a groove on the
anterior side of the distal femur. The collateral ligaments on the sides of the knee become tight in the fully extended
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position to help stabilize the knee. The posterior cruciate ligament supports the knee when flexed and the anterior
cruciate ligament becomes tight when the knee comes into full extension to resist hyperextension. What are the
ligaments that support the knee joint?

Watch this video to learn
more about the anatomy of
the knee joint, including
bones, joints, muscles,
nerves, and blood vessels.

Watch this video to learn more about the anatomy of the knee joint, including bones, joints, muscles, nerves, and
blood vessels. Which ligament of the knee keeps the tibia from sliding too far forward in relation to the femur and
which ligament keeps the tibia from sliding too far backward?
Disorders of the…
Joints
Injuries to the knee are common. Since this joint is primarily supported by muscles and ligaments, injuries to any
of these structures will result in pain or knee instability. Injury to the posterior cruciate ligament occurs when the
knee is flexed and the tibia is driven posteriorly, such as falling and landing on the tibial tuberosity or hitting the tibia
on the dashboard when not wearing a seatbelt during an automobile accident. More commonly, injuries occur when
forces are applied to the extended knee, particularly when the foot is planted and unable to move. Anterior cruciate
ligament injuries can result with a forceful blow to the anterior knee, producing hyperextension, or when a runner
makes a quick change of direction that produces both twisting and hyperextension of the knee.
A worse combination of injuries can occur with a hit to the lateral side of the extended knee (Figure 7). A moderate
blow to the lateral knee will cause the medial side of the joint to open, resulting in stretching or damage to the tibial
collateral ligament. Because the medial meniscus is attached to the tibial collateral ligament, a stronger blow can tear
the ligament and also damage the medial meniscus. This is one reason that the medial meniscus is 20 times more
likely to be injured than the lateral meniscus. A powerful blow to the lateral knee produces a “terrible triad” injury, in
which there is a sequential injury to the tibial collateral ligament, medial meniscus, and anterior cruciate ligament.
Arthroscopic surgery has greatly improved the surgical treatment of knee injuries and reduced subsequent
recovery times. This procedure involves a small incision and the insertion into the joint of an arthroscope, a pencilthin instrument that allows for visualization of the joint interior. Small surgical instruments are also inserted via
additional incisions. These tools allow a surgeon to remove or repair a torn meniscus or to reconstruct a ruptured
cruciate ligament. The current method for anterior cruciate ligament replacement involves using a portion of the
patellar ligament. Holes are drilled into the cruciate ligament attachment points on the tibia and femur, and the
patellar ligament graft, with small areas of attached bone still intact at each end, is inserted into these holes. The
bone-to-bone sites at each end of the graft heal rapidly and strongly, thus enabling a rapid recovery.
Knee Injury
A strong blow to the lateral side of the extended knee will cause three injuries, in sequence: tearing of the tibial
collateral ligament, damage to the medial meniscus, and rupture of the anterior cruciate ligament.
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Figure 7. Knee Injury. A strong blow to the lateral side of the extended knee will cause three injuries, in
sequence: tearing of the tibial collateral ligament, damage to the medial meniscus, and rupture of the
anterior cruciate ligament.

Watch this video to learn
more about different knee
injuries and diagnostic
testing of the knee. What
are the most common
causes of anterior cruciate
ligament injury?

Watch this video to learn more about different knee injuries and diagnostic testing of the knee. What are the most
common causes of anterior cruciate ligament injury?

Ankle and Foot Joints
The ankle is formed by the talocrural joint (Figure 8). It consists of the articulations between the talus bone of the
foot and the distal ends of the tibia and fibula of the leg (crural = “leg”). The superior aspect of the talus bone is squareshaped and has three areas of articulation. The top of the talus articulates with the inferior tibia. This is the portion of
the ankle joint that carries the body weight between the leg and foot. The sides of the talus are firmly held in position
by the articulations with the medial malleolus of the tibia and the lateral malleolus of the fibula, which prevent any
side-to-side motion of the talus. The ankle is thus a uniaxial hinge joint that allows only for dorsiflexion and plantar
flexion of the foot.
Additional joints between the tarsal bones of the posterior foot allow for the movements of foot inversion and
eversion. Most important for these movements is the subtalar joint, located between the talus and calcaneus bones.
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The joints between the talus and navicular bones and the calcaneus and cuboid bones are also important contributors
to these movements. All of the joints between tarsal bones are plane joints. Together, the small motions that take
place at these joints all contribute to the production of inversion and eversion foot motions.
Like the hinge joints of the elbow and knee, the talocrural joint of the ankle is supported by several strong
ligaments located on the sides of the joint. These ligaments extend from the medial malleolus of the tibia or lateral
malleolus of the fibula and anchor to the talus and calcaneus bones. Since they are located on the sides of the ankle
joint, they allow for dorsiflexion and plantar flexion of the foot. They also prevent abnormal side-to-side and twisting
movements of the talus and calcaneus bones during eversion and inversion of the foot. On the medial side is the
broad deltoid ligament. The deltoid ligament supports the ankle joint and also resists excessive eversion of the foot.
The lateral side of the ankle has several smaller ligaments. These include the anterior talofibular ligament and the
posterior talofibular ligament, both of which span between the talus bone and the lateral malleolus of the fibula, and
the calcaneofibular ligament, located between the calcaneus bone and fibula. These ligaments support the ankle and
also resist excess inversion of the foot.

Figure 8. Ankle Joint. The talocrural (ankle) joint is a uniaxial hinge joint that only allows
for dorsiflexion or plantar flexion of the foot. Movements at the subtalar joint, between
the talus and calcaneus bones, combined with motions at other intertarsal joints,
enables eversion/inversion movements of the foot. Ligaments that unite the medial or
lateral malleolus with the talus and calcaneus bones serve to support the talocrural joint
and to resist excess eversion or inversion of the foot.
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Watch this video for a
tutorial on the anatomy of
the ankle joint. What are
the three ligaments found
on the lateral side of the
ankle joint?

Watch this video for a tutorial on the anatomy of the ankle joint. What are the three ligaments found on the lateral
side of the ankle joint?

Watch this video to learn
more about the anatomy of
the ankle joint, including
bones, joints, muscles,
nerves, and blood vessels.
Which type of joint used in
woodworking does the
ankle joint resemble?

Watch this video to learn more about the anatomy of the ankle joint, including bones, joints, muscles, nerves, and
blood vessels. Which type of joint used in woodworking does the ankle joint resemble?
Disorders of the…
Joints
The ankle is the most frequently injured joint in the body, with the most common injury being an inversion ankle
sprain. A sprain is the stretching or tearing of the supporting ligaments. Excess inversion causes the talus bone
to tilt laterally, thus damaging the ligaments on the lateral side of the ankle. The anterior talofibular ligament is
most commonly injured, followed by the calcaneofibular ligament. In severe inversion injuries, the forceful lateral
movement of the talus not only ruptures the lateral ankle ligaments, but also fractures the distal fibula.
Less common are eversion sprains of the ankle, which involve stretching of the deltoid ligament on the medial side
of the ankle. Forcible eversion of the foot, for example, with an awkward landing from a jump or when a football
player has a foot planted and is hit on the lateral ankle, can result in a Pott’s fracture and dislocation of the ankle joint.
In this injury, the very strong deltoid ligament does not tear, but instead shears off the medial malleolus of the tibia.
This frees the talus, which moves laterally and fractures the distal fibula. In extreme cases, the posterior margin of
the tibia may also be sheared off.
Above the ankle, the distal ends of the tibia and fibula are united by a strong syndesmosis formed by the
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interosseous membrane and ligaments at the distal tibiofibular joint. These connections prevent separation between
the distal ends of the tibia and fibula and maintain the talus locked into position between the medial malleolus and
lateral malleolus. Injuries that produce a lateral twisting of the leg on top of the planted foot can result in stretching
or tearing of the tibiofibular ligaments, producing a syndesmotic ankle sprain or “high ankle sprain.”
Most ankle sprains can be treated using the RICE technique: Rest, Ice, Compression, and Elevation. Reducing joint
mobility using a brace or cast may be required for a period of time. More severe injuries involving ligament tears or
bone fractures may require surgery.

Watch this video to learn
more about the ligaments
of the ankle joint, ankle
sprains, and treatment.

Watch this video to learn more about the ligaments of the ankle joint, ankle sprains, and treatment. During an
inversion ankle sprain injury, all three ligaments that resist excessive inversion of the foot may be injured. What is
the sequence in which these three ligaments are injured?

Chapter Review
Although synovial joints share many common features, each joint of the body is specialized for certain movements
and activities. The joints of the upper limb provide for large ranges of motion, which give the upper limb great
mobility, thus enabling actions such as the throwing of a ball or typing on a keyboard. The joints of the lower limb
are more robust, giving them greater strength and the stability needed to support the body weight during running,
jumping, or kicking activities.
The joints of the vertebral column include the symphysis joints formed by each intervertebral disc and the plane
synovial joints between the superior and inferior articular processes of adjacent vertebrae. Each of these joints
provide for limited motions, but these sum together to produce flexion, extension, lateral flexion, and rotation of
the neck and body. The range of motions available in each region of the vertebral column varies, with all of these
motions available in the cervical region. Only rotation is allowed in the thoracic region, while the lumbar region has
considerable extension, flexion, and lateral flexion, but rotation is prevented. The atlanto-occipital joint allows for
flexion and extension of the head, while the atlantoaxial joint is a pivot joint that provides for rotation of the head.
The temporomandibular joint is the articulation between the condyle of the mandible and the mandibular fossa
and articular tubercle of the skull temporal bone. An articular disc is located between the bony components of
this joint. A combination of gliding and hinge motions of the mandibular condyle allows for elevation/depression,
protraction/retraction, and side-to-side motions of the lower jaw.
The glenohumeral (shoulder) joint is a multiaxial ball-and-socket joint that provides flexion/extension, abduction/
adduction, circumduction, and medial/lateral rotation of the humerus. The head of the humerus articulates with
the glenoid cavity of the scapula. The glenoid labrum extends around the margin of the glenoid cavity. Intrinsic
ligaments, including the coracohumeral ligament and glenohumeral ligaments, provide some support for the
shoulder joint. However, the primary support comes from muscles crossing the joint whose tendons form the rotator
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cuff. These muscle tendons are protected from friction against the scapula by the subacromial bursa and subscapular
bursa.
The elbow is a uniaxial hinge joint that allows for flexion/extension of the forearm. It includes the humeroulnar
joint and the humeroradial joint. The medial elbow is supported by the ulnar collateral ligament and the radial
collateral ligament supports the lateral side. These ligaments prevent side-to-side movements and resist
hyperextension of the elbow. The proximal radioulnar joint is a pivot joint that allows for rotation of the radius
during pronation/supination of the forearm. The annular ligament surrounds the head of the radius to hold it in
place at this joint.
The hip joint is a ball-and-socket joint whose motions are more restricted than at the shoulder to provide greater
stability during weight bearing. The hip joint is the articulation between the head of the femur and the acetabulum of
the hip bone. The acetabulum is deepened by the acetabular labrum. The iliofemoral, pubofemoral, and ischiofemoral
ligaments strongly support the hip joint in the upright, standing position. The ligament of the head of the femur
provides little support but carries an important artery that supplies the femur.
The knee includes three articulations. The femoropatellar joint is between the patella and distal femur. The
patella, a sesamoid bone incorporated into the tendon of the quadriceps femoris muscle of the anterior thigh,
serves to protect this tendon from rubbing against the distal femur during knee movements. The medial and lateral
tibiofemoral joints, between the condyles of the femur and condyles of the tibia, are modified hinge joints that allow
for knee extension and flexion. During these movements, the condyles of the femur both roll and glide over the
surface of the tibia. As the knee comes into full extension, a slight medial rotation of the femur serves to “lock”
the knee into its most stable, weight-bearing position. The reverse motion, a small lateral rotation of the femur, is
required to initiate knee flexion. When the knee is flexed, some rotation of the leg is available.
Two extrinsic ligaments, the tibial collateral ligament on the medial side and the fibular collateral ligament on
the lateral side, serve to resist hyperextension or rotation of the extended knee joint. Two intracapsular ligaments,
the anterior cruciate ligament and posterior cruciate ligament, span between the tibia and the inner aspects of the
femoral condyles. The anterior cruciate ligament resists hyperextension of the knee, while the posterior cruciate
ligament prevents anterior sliding of the femur, thus supporting the knee when it is flexed and weight bearing. The
medial and lateral menisci, located between the femoral and tibial condyles, are articular discs that provide padding
and improve the fit between the bones.
The talocrural joint forms the ankle. It consists of the articulation between the talus bone and the medial malleolus
of the tibia, the distal end of the tibia, and the lateral malleolus of the fibula. This is a uniaxial hinge joint that allows
only dorsiflexion and plantar flexion of the foot. Gliding motions at the subtalar and intertarsal joints of the foot
allow for inversion/eversion of the foot. The ankle joint is supported on the medial side by the deltoid ligament,
which prevents side-to-side motions of the talus at the talocrural joint and resists excessive eversion of the foot. The
lateral ankle is supported by the anterior and posterior talofibular ligaments and the calcaneofibular ligament. These
support the ankle joint and also resist excess inversion of the foot. An inversion ankle sprain, a common injury, will
result in injury to one or more of these lateral ankle ligaments.

Interactive Link Questions
Watch this video to learn about TMJ. Opening of the mouth requires the combination of two motions at the
temporomandibular joint, an anterior gliding motion of the articular disc and mandible and the downward hinging
of the mandible. What is the initial movement of the mandible during opening and how much mouth opening does
this produce?
The first motion is rotation (hinging) of the mandible, but this only produces about 20 mm (0.78 in) of mouth
opening.
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Watch this video for a tutorial on the anatomy of the shoulder joint. What movements are available at the shoulder
joint?
The shoulder joint is a ball-and-socket joint that allows for flexion-extension, abduction-adduction, medial rotation,
lateral rotation, and circumduction of the humerus.
Watch this video to learn about the anatomy of the shoulder joint, including bones, joints, muscles, nerves, and blood
vessels. What is the shape of the glenoid labrum in cross-section, and what is the importance of this shape?
The glenoid labrum is wedge-shaped in cross-section. This is important because it creates an elevated rim around the
glenoid cavity, which creates a deeper socket for the head of the humerus to fit into.
Watch this animation to learn more about the anatomy of the elbow joint. What structures provide the main stability
for the elbow?
The structures that stabilize the elbow include the coronoid process, the radial (lateral) collateral ligament, and the
anterior portion of the ulnar (medial) collateral ligament.
Watch this video to learn more about the anatomy of the elbow joint, including bones, joints, muscles, nerves, and
blood vessels. What are the functions of the articular cartilage?
The articular cartilage functions to absorb shock and to provide an extremely smooth surface that makes movement
between bones easy, without damaging the bones.
Watch this video for a tutorial on the anatomy of the hip joint. What is a possible consequence following a fracture of
the femoral neck within the capsule of the hip joint?
An intracapsular fracture of the neck of the femur can result in disruption of the arterial blood supply to the head of
the femur, which may lead to avascular necrosis of the femoral head.
Watch this video to learn more about the anatomy of the hip joint, including bones, joints, muscles, nerves, and blood
vessels. Where is the articular cartilage thickest within the hip joint?
The articular cartilage is thickest in the upper and back part of the acetabulum, the socket portion of the hip joint.
These regions receive most of the force from the head of the femur during walking and running.
Watch this video to learn more about the flexion and extension of the knee, as the femur both rolls and glides on
the tibia to maintain stable contact between the bones in all knee positions. The patella glides along a groove on the
anterior side of the distal femur. The collateral ligaments on the sides of the knee become tight in the fully extended
position to help stabilize the knee. The posterior cruciate ligament supports the knee when flexed and the anterior
cruciate ligament becomes tight when the knee comes into full extension to resist hyperextension. What are the
ligaments that support the knee joint?
There are five ligaments associated with the knee joint. The tibial collateral ligament is located on the medial side
of the knee and the fibular collateral ligament is located on the lateral side. The anterior and posterior cruciate
ligaments are located inside the knee joint.
Watch this video to learn more about the anatomy of the knee joint, including bones, joints, muscles, nerves, and
blood vessels. Which ligament of the knee keeps the tibia from sliding too far forward in relation to the femur and
which ligament keeps the tibia from sliding too far backward?
The anterior cruciate ligament prevents the tibia from sliding too far forward in relation to the femur and the
posterior cruciate ligament keeps the tibia from sliding too far backward.
Watch this video to learn more about different knee injuries and diagnostic testing of the knee. What are the most
causes of anterior cruciate ligament injury?
The anterior cruciate ligament (ACL) is most commonly injured when traumatic force is applied to the knee during a
twisting motion or when side standing or landing from a jump.
Watch this video for a tutorial on the anatomy of the ankle joint. What are the three ligaments found on the lateral
side of the ankle joint?
The ligaments of the lateral ankle are the anterior and posterior talofibular ligaments and the calcaneofibular
ligament. These ligaments support the ankle joint and resist excess inversion of the foot.
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Watch this video to learn more about the anatomy of the ankle joint, including bones, joints, muscles, nerves, and
blood vessels. The ankle joint resembles what type of joint used in woodworking?
Because of the square shape of the ankle joint, it has been compared to a mortise-and-tendon type of joint.
Watch this video to learn about the ligaments of the ankle joint, ankle sprains, and treatment. During an inversion
ankle sprain injury, all three ligaments that resist excessive inversion of the foot may be injured. What is the sequence
in which these three ligaments are injured?
An inversion ankle sprain may injure all three ligaments located on the lateral side of the ankle. The sequence of
injury would be the anterior talofibular ligament first, followed by the calcaneofibular ligament second, and finally,
the posterior talofibular ligament third.

Review Questions
1. The primary support for the glenohumeral joint is provided by the ________.

A. coracohumeral ligament
B. glenoid labrum
C. rotator cuff muscles
D. subacromial bursa
2. The proximal radioulnar joint ________.

A. is supported by the annular ligament
B. contains an articular disc that strongly unites the bones
C. is supported by the ulnar collateral ligament
D. is a hinge joint that allows for flexion/extension of the forearm
3. Which statement is true concerning the knee joint?

A. The lateral meniscus is an intrinsic ligament located on the lateral side of the knee joint.
B. Hyperextension is resisted by the posterior cruciate ligament.
C. The anterior cruciate ligament supports the knee when it is flexed and weight bearing.
D. The medial meniscus is attached to the tibial collateral ligament.
4. The ankle joint ________.

A. is also called the subtalar joint
B. allows for gliding movements that produce inversion/eversion of the foot
C. is a uniaxial hinge joint
D. is supported by the tibial collateral ligament on the lateral side
5. Which region of the vertebral column has the greatest range of motion for rotation?
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A. cervical
B. thoracic
C. lumbar
D. sacral

Critical Thinking Questions
1. Discuss the structures that contribute to support of the shoulder joint.

2. Describe the sequence of injuries that may occur if the extended, weight-bearing knee receives a very strong blow to the lateral side of the
knee.

Glossary
acetabular labrum
lip of fibrocartilage that surrounds outer margin of the acetabulum on the hip bone
annular ligament
intrinsic ligament of the elbow articular capsule that surrounds and supports the head of the radius at the
proximal radioulnar joint
anterior cruciate ligament
intracapsular ligament of the knee; extends from anterior, superior surface of the tibia to the inner aspect of
the lateral condyle of the femur; resists hyperextension of knee
anterior talofibular ligament
intrinsic ligament located on the lateral side of the ankle joint, between talus bone and lateral malleolus of
fibula; supports talus at the talocrural joint and resists excess inversion of the foot
atlantoaxial joint
series of three articulations between the atlas (C1) vertebra and the axis (C2) vertebra, consisting of the joints
between the inferior articular processes of C1 and the superior articular processes of C2, and the articulation
between the dens of C2 and the anterior arch of C1
atlanto-occipital joint
articulation between the occipital condyles of the skull and the superior articular processes of the atlas (C1
vertebra)
calcaneofibular ligament
intrinsic ligament located on the lateral side of the ankle joint, between the calcaneus bone and lateral
malleolus of the fibula; supports the talus bone at the ankle joint and resists excess inversion of the foot
coracohumeral ligament
intrinsic ligament of the shoulder joint; runs from the coracoid process of the scapula to the anterior humerus
deltoid ligament
broad intrinsic ligament located on the medial side of the ankle joint; supports the talus at the talocrural joint
and resists excess eversion of the foot
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elbow joint
humeroulnar joint
femoropatellar joint
portion of the knee joint consisting of the articulation between the distal femur and the patella
fibular collateral ligament
extrinsic ligament of the knee joint that spans from the lateral epicondyle of the femur to the head of the fibula;
resists hyperextension and rotation of the extended knee
glenohumeral joint
shoulder joint; articulation between the glenoid cavity of the scapula and head of the humerus; multiaxial balland-socket joint that allows for flexion/extension, abduction/adduction, circumduction, and medial/lateral
rotation of the humerus
glenohumeral ligament
one of the three intrinsic ligaments of the shoulder joint that strengthen the anterior articular capsule
glenoid labrum
lip of fibrocartilage located around the outside margin of the glenoid cavity of the scapula
humeroradial joint
articulation between the capitulum of the humerus and head of the radius
humeroulnar joint
articulation between the trochlea of humerus and the trochlear notch of the ulna; uniaxial hinge joint that
allows for flexion/extension of the forearm
iliofemoral ligament
intrinsic ligament spanning from the ilium of the hip bone to the femur, on the superior-anterior aspect of the
hip joint
ischiofemoral ligament
intrinsic ligament spanning from the ischium of the hip bone to the femur, on the posterior aspect of the hip
joint
lateral meniscus
C-shaped fibrocartilage articular disc located at the knee, between the lateral condyle of the femur and the
lateral condyle of the tibia
lateral tibiofemoral joint
portion of the knee consisting of the articulation between the lateral condyle of the tibia and the lateral condyle
of the femur; allows for flexion/extension at the knee
ligament of the head of the femur
intracapsular ligament that runs from the acetabulum of the hip bone to the head of the femur
medial meniscus
C-shaped fibrocartilage articular disc located at the knee, between the medial condyle of the femur and medial
condyle of the tibia
medial tibiofemoral joint
portion of the knee consisting of the articulation between the medial condyle of the tibia and the medial
condyle of the femur; allows for flexion/extension at the knee
patellar ligament
ligament spanning from the patella to the anterior tibia; serves as the final attachment for the quadriceps
femoris muscle
posterior cruciate ligament
intracapsular ligament of the knee; extends from the posterior, superior surface of the tibia to the inner aspect
of the medial condyle of the femur; prevents anterior displacement of the femur when the knee is flexed and
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weight bearing
posterior talofibular ligament
intrinsic ligament located on the lateral side of the ankle joint, between the talus bone and lateral malleolus of
the fibula; supports the talus at the talocrural joint and resists excess inversion of the foot
pubofemoral ligament
intrinsic ligament spanning from the pubis of the hip bone to the femur, on the anterior-inferior aspect of the
hip joint
radial collateral ligament
intrinsic ligament on the lateral side of the elbow joint; runs from the lateral epicondyle of humerus to merge
with the annular ligament
rotator cuff
strong connective tissue structure formed by the fusion of four rotator cuff muscle tendons to the articular
capsule of the shoulder joint; surrounds and supports superior, anterior, lateral, and posterior sides of the
humeral head
subacromial bursa
bursa that protects the supraspinatus muscle tendon and superior end of the humerus from rubbing against
the acromion of the scapula
subscapular bursa
bursa that prevents rubbing of the subscapularis muscle tendon against the scapula
subtalar joint
articulation between the talus and calcaneus bones of the foot; allows motions that contribute to inversion/
eversion of the foot
talocrural joint
ankle joint; articulation between the talus bone of the foot and medial malleolus of the tibia, distal tibia, and
lateral malleolus of the fibula; a uniaxial hinge joint that allows only for dorsiflexion and plantar flexion of the
foot
temporomandibular joint (TMJ)
articulation between the condyle of the mandible and the mandibular fossa and articular tubercle of the
temporal bone of the skull; allows for depression/elevation (opening/closing of mouth), protraction/retraction,
and side-to-side motions of the mandible
tibial collateral ligament
extrinsic ligament of knee joint that spans from the medial epicondyle of the femur to the medial tibia; resists
hyperextension and rotation of extended knee
ulnar collateral ligament
intrinsic ligament on the medial side of the elbow joint; spans from the medial epicondyle of the humerus to
the medial ulna
zygapophysial joints
facet joints; plane joints between the superior and inferior articular processes of adjacent vertebrae that
provide for only limited motions between the vertebrae

Solutions
Answers for Review Questions

82 | LAYCI HARRISON

1. C
2. A
3. D
4. C
5. B
Answers for Critical Thinking Questions

1. The shoulder joint allows for a large range of motion. The primary support for the shoulder joint is provided by the four rotator cuff
muscles. These muscles serve as “dynamic ligaments” and thus can modulate their strengths of contraction as needed to hold the
head of the humerus in position at the glenoid fossa. Additional but weaker support comes from the coracohumeral ligament, an
intrinsic ligament that supports the superior aspect of the shoulder joint, and the glenohumeral ligaments, which are intrinsic
ligaments that support the anterior side of the joint.
2. A strong blow to the lateral side of the extended knee will cause the medial side of the knee joint to open, resulting in a sequence of
three injuries. First will be damage to the tibial collateral ligament. Since the medial meniscus is attached to the tibial collateral
ligament, the meniscus is also injured. The third structure injured would be the anterior cruciate ligament.
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8

Development of Joints

Learning Objectives
By the end of this section, you will be able to:

• Describe the two processes by which mesenchyme can give rise to bone
• Discuss the process by which joints of the limbs are formed

Joints form during embryonic development in conjunction with the formation and growth of the associated bones.
The embryonic tissue that gives rise to all bones, cartilages, and connective tissues of the body is called mesenchyme.
In the head, mesenchyme will accumulate at those areas that will become the bones that form the top and sides of
the skull. The mesenchyme in these areas will develop directly into bone through the process of intramembranous
ossification, in which mesenchymal cells differentiate into bone-producing cells that then generate bone tissue. The
mesenchyme between the areas of bone production will become the fibrous connective tissue that fills the spaces
between the developing bones. Initially, the connective tissue-filled gaps between the bones are wide, and are called
fontanelles. After birth, as the skull bones grow and enlarge, the gaps between them decrease in width and the
fontanelles are reduced to suture joints in which the bones are united by a narrow layer of fibrous connective tissue.
The bones that form the base and facial regions of the skull develop through the process of endochondral
ossification. In this process, mesenchyme accumulates and differentiates into hyaline cartilage, which forms a model
of the future bone. The hyaline cartilage model is then gradually, over a period of many years, displaced by bone. The
mesenchyme between these developing bones becomes the fibrous connective tissue of the suture joints between the
bones in these regions of the skull.
A similar process of endochondral ossification gives rises to the bones and joints of the limbs. The limbs initially
develop as small limb buds that appear on the sides of the embryo around the end of the fourth week of development.
Starting during the sixth week, as each limb bud continues to grow and elongate, areas of mesenchyme within the
bud begin to differentiate into the hyaline cartilage that will form models for of each of the future bones. The synovial
joints will form between the adjacent cartilage models, in an area called the joint interzone. Cells at the center of
this interzone region undergo cell death to form the joint cavity, while surrounding mesenchyme cells will form the
articular capsule and supporting ligaments. The process of endochondral ossification, which converts the cartilage
models into bone, begins by the twelfth week of embryonic development. At birth, ossification of much of the bone
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has occurred, but the hyaline cartilage of the epiphyseal plate will remain throughout childhood and adolescence to
allow for bone lengthening. Hyaline cartilage is also retained as the articular cartilage that covers the surfaces of the
bones at synovial joints.

Chapter Review
During embryonic growth, bones and joints develop from mesenchyme, an embryonic tissue that gives rise to bone,
cartilage, and fibrous connective tissues. In the skull, the bones develop either directly from mesenchyme through
the process of intramembranous ossification, or indirectly through endochondral ossification, which initially forms
a hyaline cartilage model of the future bone, which is later converted into bone. In both cases, the mesenchyme
between the developing bones differentiates into fibrous connective tissue that will unite the skull bones at suture
joints. In the limbs, mesenchyme accumulations within the growing limb bud will become a hyaline cartilage model
for each of the limb bones. A joint interzone will develop between these areas of cartilage. Mesenchyme cells at the
margins of the interzone will give rise to the articular capsule, while cell death at the center forms the space that will
become the joint cavity of the future synovial joint. The hyaline cartilage model of each limb bone will eventually be
converted into bone via the process of endochondral ossification. However, hyaline cartilage will remain, covering
the ends of the adult bone as the articular cartilage.

Review Questions
1. Intramembranous ossification ________.

A. gives rise to the bones of the limbs
B. produces the bones of the top and sides of the skull
C. produces the bones of the face and base of the skull
D. involves the conversion of a hyaline cartilage model into bone
2. Synovial joints ________.

A. are derived from fontanelles
B. are produced by intramembranous ossification
C. develop at an interzone site
D. are produced by endochondral ossification
3. Endochondral ossification is ________.

A. the process that replaces hyaline cartilage with bone tissue
B. the process by which mesenchyme differentiates directly into bone tissue
C. completed before birth
D. the process that gives rise to the joint interzone and future joint cavity
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Critical Thinking Questions
1. Describe how synovial joints develop within the embryonic limb.

2. Differentiate between endochondral and intramembranous ossification.

Glossary
joint interzone
site within a growing embryonic limb bud that will become a synovial joint

Solutions
Answers for Review Questions

1. B
2. C
3. A
Answers for Critical Thinking Questions

1. Mesenchyme gives rise to cartilage models of the future limb bones. An area called the joint interzone located between adjacent
cartilage models will become a synovial joint. The cells at the center of the interzone die, thus producing the joint cavity. Additional
mesenchyme cells at the periphery of the interzone become the articular capsule.
2. Intramembranous ossification is the process by which mesenchymal cells differentiate directly into bone producing cells. This
process produces the bones that form the top and sides of the skull. The remaining skull bones and the bones of the limbs are
formed by endochondral ossification. In this, mesenchymal cells differentiate into hyaline cartilage cells that produce a cartilage
model of the future bone. The cartilage is then gradually replaced by bone tissue over a period of many years, during which the
cartilage of the epiphyseal plate can continue to grow to allow for enlargement or lengthening of the bone.
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9

Bones of the Lower Limb

Learning Objectives
By the end of this section, you will be able to:

• Identify the divisions of the lower limb and describe the bones of each region
• Describe the bones and bony landmarks that articulate at each joint of the lower limb

Like the upper limb, the lower limb is divided into three regions. The thigh is that portion of the lower limb located
between the hip joint and knee joint. The leg is specifically the region between the knee joint and the ankle joint.
Distal to the ankle is the foot. The lower limb contains 30 bones. These are the femur, patella, tibia, fibula, tarsal
bones, metatarsal bones, and phalanges (see Chapter 8.1 Figure 1). The femur is the single bone of the thigh. The
patella is the kneecap and articulates with the distal femur. The tibia is the larger, weight-bearing bone located on
the medial side of the leg, and the fibula is the thin bone of the lateral leg. The bones of the foot are divided into three
groups. The posterior portion of the foot is formed by a group of seven bones, each of which is known as a tarsal bone,
whereas the mid-foot contains five elongated bones, each of which is a metatarsal bone. The toes contain 14 small
bones, each of which is a phalanx bone of the foot.

Femur
The femur, or thigh bone, is the single bone of the thigh region (Figure 1). It is the longest and strongest bone of the
body, and accounts for approximately one-quarter of a person’s total height. The rounded, proximal end is the head
of the femur, which articulates with the acetabulum of the hip bone to form the hip joint. The fovea capitis is a minor
indentation on the medial side of the femoral head that serves as the site of attachment for the ligament of the head
of the femur. This ligament spans the femur and acetabulum, but is weak and provides little support for the hip joint.
It does, however, carry an important artery that supplies the head of the femur.
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Figure 1. Femur and Patella. The femur is the single bone of the thigh region. It
articulates superiorly with the hip bone at the hip joint, and inferiorly with the tibia at
the knee joint. The patella only articulates with the distal end of the femur.

The narrowed region below the head is the neck of the femur. This is a common area for fractures of the femur. The
greater trochanter is the large, upward, bony projection located above the base of the neck. Multiple muscles that act
across the hip joint attach to the greater trochanter, which, because of its projection from the femur, gives additional
leverage to these muscles. The greater trochanter can be felt just under the skin on the lateral side of your upper
thigh. The lesser trochanter is a small, bony prominence that lies on the medial aspect of the femur, just below the
neck. A single, powerful muscle attaches to the lesser trochanter. Running between the greater and lesser trochanters
on the anterior side of the femur is the roughened intertrochanteric line. The trochanters are also connected on the
posterior side of the femur by the larger intertrochanteric crest.
The elongated shaft of the femur has a slight anterior bowing or curvature. At its proximal end, the posterior shaft
has the gluteal tuberosity, a roughened area extending inferiorly from the greater trochanter. More inferiorly, the
gluteal tuberosity becomes continuous with the linea aspera (“rough line”). This is the roughened ridge that passes
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distally along the posterior side of the mid-femur. Multiple muscles of the hip and thigh regions make long, thin
attachments to the femur along the linea aspera.
The distal end of the femur has medial and lateral bony expansions. On the lateral side, the smooth portion that
covers the distal and posterior aspects of the lateral expansion is the lateral condyle of the femur. The roughened
area on the outer, lateral side of the condyle is the lateral epicondyle of the femur. Similarly, the smooth region of the
distal and posterior medial femur is the medial condyle of the femur, and the irregular outer, medial side of this is
the medial epicondyle of the femur. The lateral and medial condyles articulate with the tibia to form the knee joint.
The epicondyles provide attachment for muscles and supporting ligaments of the knee. The adductor tubercle is a
small bump located at the superior margin of the medial epicondyle. Posteriorly, the medial and lateral condyles are
separated by a deep depression called the intercondylar fossa. Anteriorly, the smooth surfaces of the condyles join
together to form a wide groove called the patellar surface, which provides for articulation with the patella bone. The
combination of the medial and lateral condyles with the patellar surface gives the distal end of the femur a horseshoe
(U) shape.

Watch this video to view
how a fracture of the
mid-femur is surgically
repaired.

Watch this video to view how a fracture of the mid-femur is surgically repaired. How are the two portions of the
broken femur stabilized during surgical repair of a fractured femur?

Patella
The patella (kneecap) is largest sesamoid bone of the body (see Figure 1). A sesamoid bone is a bone that is
incorporated into the tendon of a muscle where that tendon crosses a joint. The sesamoid bone articulates with the
underlying bones to prevent damage to the muscle tendon due to rubbing against the bones during movements of
the joint. The patella is found in the tendon of the quadriceps femoris muscle, the large muscle of the anterior thigh
that passes across the anterior knee to attach to the tibia. The patella articulates with the patellar surface of the femur
and thus prevents rubbing of the muscle tendon against the distal femur. The patella also lifts the tendon away from
the knee joint, which increases the leverage power of the quadriceps femoris muscle as it acts across the knee. The
patella does not articulate with the tibia.
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Visit this site to perform a
virtual knee replacement
surgery.

Visit this site to perform a virtual knee replacement surgery. The prosthetic knee components must be properly
aligned to function properly. How is this alignment ensured?
Homeostatic Imbalances
Runner’s Knee
Runner’s knee, also known as patellofemoral syndrome, is the most common overuse injury among runners. It is
most frequent in adolescents and young adults, and is more common in females. It often results from excessive
running, particularly downhill, but may also occur in athletes who do a lot of knee bending, such as jumpers, skiers,
cyclists, weight lifters, and soccer players. It is felt as a dull, aching pain around the front of the knee and deep to the
patella. The pain may be felt when walking or running, going up or down stairs, kneeling or squatting, or after sitting
with the knee bent for an extended period.
Patellofemoral syndrome may be initiated by a variety of causes, including individual variations in the shape and
movement of the patella, a direct blow to the patella, or flat feet or improper shoes that cause excessive turning in or
out of the feet or leg. These factors may cause in an imbalance in the muscle pull that acts on the patella, resulting in
an abnormal tracking of the patella that allows it to deviate too far toward the lateral side of the patellar surface on
the distal femur.
Because the hips are wider than the knee region, the femur has a diagonal orientation within the thigh, in contrast
to the vertically oriented tibia of the leg (Figure 2). The Q-angle is a measure of how far the femur is angled laterally
away from vertical. The Q-angle is normally 10–15 degrees, with females typically having a larger Q-angle due to
their wider pelvis. During extension of the knee, the quadriceps femoris muscle pulls the patella both superiorly and
laterally, with the lateral pull greater in women due to their large Q-angle. This makes women more vulnerable to
developing patellofemoral syndrome than men. Normally, the large lip on the lateral side of the patellar surface of the
femur compensates for the lateral pull on the patella, and thus helps to maintain its proper tracking.
However, if the pull produced by the medial and lateral sides of the quadriceps femoris muscle is not properly
balanced, abnormal tracking of the patella toward the lateral side may occur. With continued use, this produces pain
and could result in damage to the articulating surfaces of the patella and femur, and the possible future development
of arthritis. Treatment generally involves stopping the activity that produces knee pain for a period of time, followed
by a gradual resumption of activity. Proper strengthening of the quadriceps femoris muscle to correct for imbalances
is also important to help prevent reoccurrence.
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Figure 2. The Q-Angle. The Q-angle is a measure of
the amount of lateral deviation of the femur from
the vertical line of the tibia. Adult females have a
larger Q-angle due to their wider pelvis than adult
males.

Tibia
The tibia (shin bone) is the medial bone of the leg and is larger than the fibula, with which it is paired (Figure 3). The
tibia is the main weight-bearing bone of the lower leg and the second longest bone of the body, after the femur. The
medial side of the tibia is located immediately under the skin, allowing it to be easily palpated down the entire length
of the medial leg.
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Figure 3. Tibia and Fibula. The tibia is the larger, weight-bearing bone located on the medial
side of the leg. The fibula is the slender bone of the lateral side of the leg and does not bear
weight.

The proximal end of the tibia is greatly expanded. The two sides of this expansion form the medial condyle of the tibia
and the lateral condyle of the tibia. The tibia does not have epicondyles. The top surface of each condyle is smooth and
flattened. These areas articulate with the medial and lateral condyles of the femur to form the knee joint. Between
the articulating surfaces of the tibial condyles is the intercondylar eminence, an irregular, elevated area that serves
as the inferior attachment point for two supporting ligaments of the knee.
The tibial tuberosity is an elevated area on the anterior side of the tibia, near its proximal end. It is the final
site of attachment for the muscle tendon associated with the patella. More inferiorly, the shaft of the tibia becomes
triangular in shape. The anterior apex of
MH this triangle forms the anterior border of the tibia, which begins at the tibial tuberosity and runs inferiorly
along the length of the tibia. Both the anterior border and the medial side of the triangular shaft are located
immediately under the skin and can be easily palpated along the entire length of the tibia. A small ridge running
down the lateral side of the tibial shaft is the interosseous border of the tibia. This is for the attachment of the
interosseous membrane of the leg, the sheet of dense connective tissue that unites the tibia and fibula bones. Located
on the posterior side of the tibia is the soleal line, a diagonally running, roughened ridge that begins below the base
of the lateral condyle, and runs down and medially across the proximal third of the posterior tibia. Muscles of the
posterior leg attach to this line.
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The large expansion found on the medial side of the distal tibia is the medial malleolus (“little hammer”). This
forms the large bony bump found on the medial side of the ankle region. Both the smooth surface on the inside of the
medial malleolus and the smooth area at the distal end of the tibia articulate with the talus bone of the foot as part
of the ankle joint. On the lateral side of the distal tibia is a wide groove called the fibular notch. This area articulates
with the distal end of the fibula, forming the distal tibiofibular joint.

Fibula
The fibula is the slender bone located on the lateral side of the leg (see Figure 3). The fibula does not bear weight.
It serves primarily for muscle attachments and thus is largely surrounded by muscles. Only the proximal and distal
ends of the fibula can be palpated.
The head of the fibula is the small, knob-like, proximal end of the fibula. It articulates with the inferior aspect of the
lateral tibial condyle, forming the proximal tibiofibular joint. The thin shaft of the fibula has the interosseous border
of the fibula, a narrow ridge running down its medial side for the attachment of the interosseous membrane that
spans the fibula and tibia. The distal end of the fibula forms the lateral malleolus, which forms the easily palpated
bony bump on the lateral side of the ankle. The deep (medial) side of the lateral malleolus articulates with the talus
bone of the foot as part of the ankle joint. The distal fibula also articulates with the fibular notch of the tibia.

Tarsal Bones
The posterior half of the foot is formed by seven tarsal bones (Figure 4). The most superior bone is the talus. This has
a relatively square-shaped, upper surface that articulates with the tibia and fibula to form the ankle joint. Three areas
of articulation form the ankle joint: The superomedial surface of the talus bone articulates with the medial malleolus
of the tibia, the top of the talus articulates with the distal end of the tibia, and the lateral side of the talus articulates
with the lateral malleolus of the fibula. Inferiorly, the talus articulates with the calcaneus (heel bone), the largest bone
of the foot, which forms the heel. Body weight is transferred from the tibia to the talus to the calcaneus, which rests
on the ground. The medial calcaneus has a prominent bony extension called the sustentaculum tali (“support for the
talus”) that supports the medial side of the talus bone.
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Figure 4. Bones of the Foot. The bones of the foot are divided into three groups. The posterior foot is formed by the seven tarsal bones. The
mid-foot has the five metatarsal bones. The toes contain the phalanges.

The cuboid bone articulates with the anterior end of the calcaneus bone. The cuboid has a deep groove running
across its inferior surface, which provides passage for a muscle tendon. The talus bone articulates anteriorly with the
navicular bone, which in turn articulates anteriorly with the three cuneiform (“wedge-shaped”) bones. These bones
are the medial cuneiform, the intermediate cuneiform, and the lateral cuneiform. Each of these bones has a broad
superior surface and a narrow inferior surface, which together produce the transverse (medial-lateral) curvature of
the foot. The navicular and lateral cuneiform bones also articulate with the medial side of the cuboid bone.

Use this tutorial to review
the bones of the foot.

Use this tutorial to review the bones of the foot. Which tarsal bones are in the proximal, intermediate, and distal
groups?
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Metatarsal Bones
The anterior half of the foot is formed by the five metatarsal bones, which are located between the tarsal bones of the
posterior foot and the phalanges of the toes (see Figure 4). These elongated bones are numbered 1–5, starting with
the medial side of the foot. The first metatarsal bone is shorter and thicker than the others. The second metatarsal is
the longest. The base of the metatarsal bone is the proximal end of each metatarsal bone. These articulate with the
cuboid or cuneiform bones. The base of the fifth metatarsal has a large, lateral expansion that provides for muscle
attachments. This expanded base of the fifth metatarsal can be felt as a bony bump at the midpoint along the lateral
border of the foot. The expanded distal end of each metatarsal is the head of the metatarsal bone. Each metatarsal
bone articulates with the proximal phalanx of a toe to form a metatarsophalangeal joint. The heads of the metatarsal
bones also rest on the ground and form the ball (anterior end) of the foot.

Phalanges
The toes contain a total of 14 phalanx bones (phalanges), arranged in a similar manner as the phalanges of the fingers
(see Figure 4). The toes are numbered 1–5, starting with the big toe (hallux). The big toe has two phalanx bones, the
proximal and distal phalanges. The remaining toes all have proximal, middle, and distal phalanges. A joint between
adjacent phalanx bones is called an interphalangeal joint.

View this link to learn
about a bunion, a localized
swelling on the medial side
of the foot, next to the first
metatarsophalangeal joint,
at the base of the big toe.

View this link to learn about a bunion, a localized swelling on the medial side of the foot, next to the first
metatarsophalangeal joint, at the base of the big toe. What is a bunion and what type of shoe is most likely to cause
this to develop?

Arches of the Foot
When the foot comes into contact with the ground during walking, running, or jumping activities, the impact of the
body weight puts a tremendous amount of pressure and force on the foot. During running, the force applied to each
foot as it contacts the ground can be up to 2.5 times your body weight. The bones, joints, ligaments, and muscles of
the foot absorb this force, thus greatly reducing the amount of shock that is passed superiorly into the lower limb and
body. The arches of the foot play an important role in this shock-absorbing ability. When weight is applied to the foot,
these arches will flatten somewhat, thus absorbing energy. When the weight is removed, the arch rebounds, giving
“spring” to the step. The arches also serve to distribute body weight side to side and to either end of the foot.
The foot has a transverse arch, a medial longitudinal arch, and a lateral longitudinal arch (see Figure 4). The
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transverse arch forms the medial-lateral curvature of the mid-foot. It is formed by the wedge shapes of the cuneiform
bones and bases (proximal ends) of the first to fourth metatarsal bones. This arch helps to distribute body weight
from side to side within the foot, thus allowing the foot to accommodate uneven terrain.
The longitudinal arches run down the length of the foot. The lateral longitudinal arch is relatively flat, whereas the
medial longitudinal arch is larger (taller). The longitudinal arches are formed by the tarsal bones posteriorly and the
metatarsal bones anteriorly. These arches are supported at either end, where they contact the ground. Posteriorly,
this support is provided by the calcaneus bone and anteriorly by the heads (distal ends) of the metatarsal bones. The
talus bone, which receives the weight of the body, is located at the top of the longitudinal arches. Body weight is then
conveyed from the talus to the ground by the anterior and posterior ends of these arches. Strong ligaments unite the
adjacent foot bones to prevent disruption of the arches during weight bearing. On the bottom of the foot, additional
ligaments tie together the anterior and posterior ends of the arches. These ligaments have elasticity, which allows
them to stretch somewhat during weight bearing, thus allowing the longitudinal arches to spread. The stretching of
these ligaments stores energy within the foot, rather than passing these forces into the leg. Contraction of the foot
muscles also plays an important role in this energy absorption. When the weight is removed, the elastic ligaments
recoil and pull the ends of the arches closer together. This recovery of the arches releases the stored energy and
improves the energy efficiency of walking.
Stretching of the ligaments that support the longitudinal arches can lead to pain. This can occur in overweight
individuals, with people who have jobs that involve standing for long periods of time (such as a waitress), or walking
or running long distances. If stretching of the ligaments is prolonged, excessive, or repeated, it can result in a
gradual lengthening of the supporting ligaments, with subsequent depression or collapse of the longitudinal arches,
particularly on the medial side of the foot. This condition is called pes planus (“flat foot” or “fallen arches”).

Chapter Review
The lower limb is divided into three regions. These are the thigh, located between the hip and knee joints; the leg,
located between the knee and ankle joints; and distal to the ankle, the foot. There are 30 bones in each lower limb.
These are the femur, patella, tibia, fibula, seven tarsal bones, five metatarsal bones, and 14 phalanges.
The femur is the single bone of the thigh. Its rounded head articulates with the acetabulum of the hip bone to
form the hip joint. The head has the fovea capitis for attachment of the ligament of the head of the femur. The
narrow neck joins inferiorly with the greater and lesser trochanters. Passing between these bony expansions are the
intertrochanteric line on the anterior femur and the larger intertrochanteric crest on the posterior femur. On the
posterior shaft of the femur is the gluteal tuberosity proximally and the linea aspera in the mid-shaft region. The
expanded distal end consists of three articulating surfaces: the medial and lateral condyles, and the patellar surface.
The outside margins of the condyles are the medial and lateral epicondyles. The adductor tubercle is on the superior
aspect of the medial epicondyle.
The patella is a sesamoid bone located within a muscle tendon. It articulates with the patellar surface on the
anterior side of the distal femur, thereby protecting the muscle tendon from rubbing against the femur.
The leg contains the large tibia on the medial side and the slender fibula on the lateral side. The tibia bears the
weight of the body, whereas the fibula does not bear weight. The interosseous border of each bone is the attachment
site for the interosseous membrane of the leg, the connective tissue sheet that unites the tibia and fibula.
The proximal tibia consists of the expanded medial and lateral condyles, which articulate with the medial and
lateral condyles of the femur to form the knee joint. Between the tibial condyles is the intercondylar eminence. On
the anterior side of the proximal tibia is the tibial tuberosity, which is continuous inferiorly with the anterior border
of the tibia. On the posterior side, the proximal tibia has the curved soleal line. The bony expansion on the medial side
of the distal tibia is the medial malleolus. The groove on the lateral side of the distal tibia is the fibular notch.
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The head of the fibula forms the proximal end and articulates with the underside of the lateral condyle of the tibia.
The distal fibula articulates with the fibular notch of the tibia. The expanded distal end of the fibula is the lateral
malleolus.
The posterior foot is formed by the seven tarsal bones. The talus articulates superiorly with the distal tibia, the
medial malleolus of the tibia, and the lateral malleolus of the fibula to form the ankle joint. The talus articulates
inferiorly with the calcaneus bone. The sustentaculum tali of the calcaneus helps to support the talus. Anterior to the
talus is the navicular bone, and anterior to this are the medial, intermediate, and lateral cuneiform bones. The cuboid
bone is anterior to the calcaneus.
The five metatarsal bones form the anterior foot. The base of these bones articulate with the cuboid or cuneiform
bones. The metatarsal heads, at their distal ends, articulate with the proximal phalanges of the toes. The big toe (toe
number 1) has proximal and distal phalanx bones. The remaining toes have proximal, middle, and distal phalanges.

Interactive Link Questions
Watch this video to view how a fracture of the mid-femur is surgically repaired. How are the two portions of the
broken femur stabilized during surgical repair of a fractured femur?
A hole is drilled into the greater trochanter, the bone marrow (medullary) space inside the femur is enlarged, and
finally an intramedullary rod is inserted into the femur. This rod is then anchored to the bone with screws.
Visit this site to perform a virtual knee replacement surgery. The prosthetic knee components must be properly
aligned to function properly. How is this alignment ensured?
Metal cutting jigs are attached to the bones to ensure that the bones are cut properly prior to the attachment of
prosthetic components.
Use this tutorial to review the bones of the foot. Which tarsal bones are in the proximal, intermediate, and distal
groups?
The proximal group of tarsal bones includes the calcaneus and talus bones, the navicular bone is intermediate, and
the distal group consists of the cuboid bone plus the medial, intermediate, and lateral cuneiform bones.
View this link to learn about a bunion, a localized swelling on the medial side of the foot, next to the first
metatarsophalangeal joint, at the base of the big toe. What is a bunion and what type of shoe is most likely to cause
this to develop?
A bunion results from the deviation of the big toe toward the second toe, which causes the distal end of the first
metatarsal bone to stick out. A bunion may also be caused by prolonged pressure on the foot from pointed shoes with
a narrow toe box that compresses the big toe and pushes it toward the second toe.

Review Questions
1. Which bony landmark of the femur serves as a site for muscle attachments?

A. fovea capitis
B. lesser trochanter
C. head
D. medial condyle
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2. What structure contributes to the knee joint?

A. lateral malleolus of the fibula
B. tibial tuberosity
C. medial condyle of the tibia
D. lateral epicondyle of the femur
3. Which tarsal bone articulates with the tibia and fibula?

A. calcaneus
B. cuboid
C. navicular
D. talus
4. What is the total number of bones found in the foot and toes?

A. 7
B. 14
C. 26
D. 30
5. The tibia ________.

A. has an expanded distal end called the lateral malleolus
B. is not a weight-bearing bone
C. is firmly anchored to the fibula by an interosseous membrane
D. can be palpated (felt) under the skin only at its proximal and distal ends

Critical Thinking Questions
1. Define the regions of the lower limb, name the bones found in each region, and describe the bony landmarks that articulate together to form
the hip, knee, and ankle joints.

2. The talus bone of the foot receives the weight of the body from the tibia. The talus bone then distributes this weight toward the ground in
two directions: one-half of the body weight is passed in a posterior direction and one-half of the weight is passed in an anterior direction.
Describe the arrangement of the tarsal and metatarsal bones that are involved in both the posterior and anterior distribution of body weight.
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Glossary
adductor tubercle
small, bony bump located on the superior aspect of the medial epicondyle of the femur
ankle joint
joint that separates the leg and foot portions of the lower limb; formed by the articulations between the talus
bone of the foot inferiorly, and the distal end of the tibia, medial malleolus of the tibia, and lateral malleolus of
the fibula superiorly
anterior border of the tibia
narrow, anterior margin of the tibia that extends inferiorly from the tibial tuberosity
base of the metatarsal bone
expanded, proximal end of each metatarsal bone
calcaneus
heel bone; posterior, inferior tarsal bone that forms the heel of the foot
cuboid
tarsal bone that articulates posteriorly with the calcaneus bone, medially with the lateral cuneiform bone, and
anteriorly with the fourth and fifth metatarsal bones
distal tibiofibular joint
articulation between the distal fibula and the fibular notch of the tibia
femur
thigh bone; the single bone of the thigh
fibula
thin, non-weight-bearing bone found on the lateral side of the leg
fibular notch
wide groove on the lateral side of the distal tibia for articulation with the fibula at the distal tibiofibular joint
foot
portion of the lower limb located distal to the ankle joint
fovea capitis
minor indentation on the head of the femur that serves as the site of attachment for the ligament to the head of
the femur
gluteal tuberosity
roughened area on the posterior side of the proximal femur, extending inferiorly from the base of the greater
trochanter
greater trochanter
large, bony expansion of the femur that projects superiorly from the base of the femoral neck
hallux
big toe; digit 1 of the foot
head of the femur
rounded, proximal end of the femur that articulates with the acetabulum of the hip bone to form the hip joint
head of the fibula
small, knob-like, proximal end of the fibula; articulates with the inferior aspect of the lateral condyle of the tibia
head of the metatarsal bone
expanded, distal end of each metatarsal bone
hip joint
joint located at the proximal end of the lower limb; formed by the articulation between the acetabulum of the
hip bone and the head of the femur
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intercondylar eminence
irregular elevation on the superior end of the tibia, between the articulating surfaces of the medial and lateral
condyles
intercondylar fossa
deep depression on the posterior side of the distal femur that separates the medial and lateral condyles
intermediate cuneiform
middle of the three cuneiform tarsal bones; articulates posteriorly with the navicular bone, medially with the
medial cuneiform bone, laterally with the lateral cuneiform bone, and anteriorly with the second metatarsal
bone
interosseous border of the fibula
small ridge running down the medial side of the fibular shaft; for attachment of the interosseous membrane
between the fibula and tibia
interosseous border of the tibia
small ridge running down the lateral side of the tibial shaft; for attachment of the interosseous membrane
between the tibia and fibula
interosseous membrane of the leg
sheet of dense connective tissue that unites the shafts of the tibia and fibula bones
intertrochanteric crest
short, prominent ridge running between the greater and lesser trochanters on the posterior side of the
proximal femur
intertrochanteric line
small ridge running between the greater and lesser trochanters on the anterior side of the proximal femur
knee joint
joint that separates the thigh and leg portions of the lower limb; formed by the articulations between the
medial and lateral condyles of the femur, and the medial and lateral condyles of the tibia
lateral condyle of the femur
smooth, articulating surface that forms the distal and posterior sides of the lateral expansion of the distal
femur
lateral condyle of the tibia
lateral, expanded region of the proximal tibia that includes the smooth surface that articulates with the lateral
condyle of the femur as part of the knee joint
lateral cuneiform
most lateral of the three cuneiform tarsal bones; articulates posteriorly with the navicular bone, medially with
the intermediate cuneiform bone, laterally with the cuboid bone, and anteriorly with the third metatarsal bone
lateral epicondyle of the femur
roughened area of the femur located on the lateral side of the lateral condyle
lateral malleolus
expanded distal end of the fibula
leg
portion of the lower limb located between the knee and ankle joints
lesser trochanter
small, bony projection on the medial side of the proximal femur, at the base of the femoral neck
ligament of the head of the femur
ligament that spans the acetabulum of the hip bone and the fovea capitis of the femoral head
linea aspera
longitudinally running bony ridge located in the middle third of the posterior femur
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medial condyle of the femur
smooth, articulating surface that forms the distal and posterior sides of the medial expansion of the distal
femur
medial condyle of the tibia
medial, expanded region of the proximal tibia that includes the smooth surface that articulates with the medial
condyle of the femur as part of the knee joint
medial cuneiform
most medial of the three cuneiform tarsal bones; articulates posteriorly with the navicular bone, laterally with
the intermediate cuneiform bone, and anteriorly with the first and second metatarsal bones
medial epicondyle of the femur
roughened area of the distal femur located on the medial side of the medial condyle
medial malleolus
bony expansion located on the medial side of the distal tibia
metatarsal bone
one of the five elongated bones that forms the anterior half of the foot; numbered 1–5, starting on the medial
side of the foot
metatarsophalangeal joint
articulation between a metatarsal bone of the foot and the proximal phalanx bone of a toe
navicular
tarsal bone that articulates posteriorly with the talus bone, laterally with the cuboid bone, and anteriorly with
the medial, intermediate, and lateral cuneiform bones
neck of the femur
narrowed region located inferior to the head of the femur
patella
kneecap; the largest sesamoid bone of the body; articulates with the distal femur
patellar surface
smooth groove located on the anterior side of the distal femur, between the medial and lateral condyles; site of
articulation for the patella
phalanx bone of the foot
(plural = phalanges) one of the 14 bones that form the toes; these include the proximal and distal phalanges of
the big toe, and the proximal, middle, and distal phalanx bones of toes two through five
proximal tibiofibular joint
articulation between the head of the fibula and the inferior aspect of the lateral condyle of the tibia
shaft of the femur
cylindrically shaped region that forms the central portion of the femur
shaft of the fibula
elongated, slender portion located between the expanded ends of the fibula
shaft of the tibia
triangular-shaped, central portion of the tibia
soleal line
small, diagonally running ridge located on the posterior side of the proximal tibia
sustentaculum tali
bony ledge extending from the medial side of the calcaneus bone
talus
tarsal bone that articulates superiorly with the tibia and fibula at the ankle joint; also articulates inferiorly with
the calcaneus bone and anteriorly with the navicular bone
ANATOMICAL BASIS OF INJURY | 101

tarsal bone
one of the seven bones that make up the posterior foot; includes the calcaneus, talus, navicular, cuboid, medial
cuneiform, intermediate cuneiform, and lateral cuneiform bones
thigh
portion of the lower limb located between the hip and knee joints
tibia
shin bone; the large, weight-bearing bone located on the medial side of the leg
tibial tuberosity
elevated area on the anterior surface of the proximal tibia

Solutions
Answers for Review Questions

1. B
2. C
3. D
4. C
5. C
Answers for Critical Thinking Questions

1. The lower limb is divided into three regions. The thigh is the region located between the hip and knee joints. It contains the femur
and the patella. The hip joint is formed by the articulation between the acetabulum of the hip bone and the head of the femur. The
leg is the region between the knee and ankle joints, and contains the tibia (medially) and the fibula (laterally). The knee joint is
formed by the articulations between the medial and lateral condyles of the femur, and the medial and lateral condyles of the tibia.
Also associated with the knee is the patella, which articulates with the patellar surface of the distal femur. The foot is found distal to
the ankle and contains 26 bones. The ankle joint is formed by the articulations between the talus bone of the foot and the distal end
of the tibia, the medial malleolus of the tibia, and the lateral malleolus of the fibula. The posterior foot contains the seven tarsal
bones, which are the talus, calcaneus, navicular, cuboid, and the medial, intermediate, and lateral cuneiform bones. The anterior
foot consists of the five metatarsal bones, which are numbered 1–5 starting on the medial side of the foot. The toes contain 14
phalanx bones, with the big toe (toe number 1) having a proximal and a distal phalanx, and the other toes having proximal, middle,
and distal phalanges.
2. The talus bone articulates superiorly with the tibia and fibula at the ankle joint, with body weight passed from the tibia to the talus.
Body weight from the talus is transmitted to the ground by both ends of the medial and lateral longitudinal foot arches. Weight is
passed posteriorly through both arches to the calcaneus bone, which forms the heel of the foot and is in contact with the ground. On
the medial side of the foot, body weight is passed anteriorly from the talus bone to the navicular bone, and then to the medial,
intermediate, and lateral cuneiform bones. The cuneiform bones pass the weight anteriorly to the first, second, and third metatarsal
bones, whose heads (distal ends) are in contact with the ground. On the lateral side, body weight is passed anteriorly from the talus
through the calcaneus, cuboid, and fourth and fifth metatarsal bones. The talus bone thus transmits body weight posteriorly to the
calcaneus and anteriorly through the navicular, cuneiform, and cuboid bones, and metatarsals one through five.
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10

The Pelvic Girdle and Pelvis

Learning Objectives
By the end of this section, you will be able to:

• Define the pelvic girdle and describe the bones and ligaments of the pelvis
• Explain the three regions of the hip bone and identify their bony landmarks
• Describe the openings of the pelvis and the boundaries of the greater and lesser pelvis

The pelvic girdle (hip girdle) is formed by a single bone, the hip bone or coxal bone (coxal = “hip”), which serves
as the attachment point for each lower limb. Each hip bone, in turn, is firmly joined to the axial skeleton via its
attachment to the sacrum of the vertebral column. The right and left hip bones also converge anteriorly to attach to
each other. The bony pelvis is the entire structure formed by the two hip bones, the sacrum, and, attached inferiorly
to the sacrum, the coccyx (Figure 1).
Unlike the bones of the pectoral girdle, which are highly mobile to enhance the range of upper limb movements,
the bones of the pelvis are strongly united to each other to form a largely immobile, weight-bearing structure. This is
important for stability because it enables the weight of the body to be easily transferred laterally from the vertebral
column, through the pelvic girdle and hip joints, and into either lower limb whenever the other limb is not bearing
weight. Thus, the immobility of the pelvis provides a strong foundation for the upper body as it rests on top of the
mobile lower limbs.
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Figure 1. Pelvis. The pelvic girdle is formed by a single hip bone. The hip bone attaches the lower limb to the axial
skeleton through its articulation with the sacrum. The right and left hip bones, plus the sacrum and the coccyx,
together form the pelvis.

Hip Bone
The hip bone, or coxal bone, forms the pelvic girdle portion of the pelvis. The paired hip bones are the large, curved
bones that form the lateral and anterior aspects of the pelvis. Each adult hip bone is formed by three separate bones
that fuse together during the late teenage years. These bony components are the ilium, ischium, and pubis (Figure 2).
These names are retained and used to define the three regions of the adult hip bone.
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Figure 2. The Hip Bone. The adult hip bone consists of three regions. The ilium forms the large, fan-shaped
superior portion, the ischium forms the posteroinferior portion, and the pubis forms the anteromedial portion.

The ilium is the fan-like, superior region that forms the largest part of the hip bone. It is firmly united to the sacrum
at the largely immobile sacroiliac joint (see Figure 1). The ischium forms the posteroinferior region of each hip bone.
It supports the body when sitting. The pubis forms the anterior portion of the hip bone. The pubis curves medially,
where it joins to the pubis of the opposite hip bone at a specialized joint called the pubic symphysis.

Ilium
When you place your hands on your waist, you can feel the arching, superior margin of the ilium along your waistline
(see Figure 2). This curved, superior margin of the ilium is the iliac crest. The rounded, anterior termination of
the iliac crest is the anterior superior iliac spine. This important bony landmark can be felt at your anterolateral
hip. Inferior to the anterior superior iliac spine is a rounded protuberance called the anterior inferior iliac spine.
Both of these iliac spines serve as attachment points for muscles of the thigh. Posteriorly, the iliac crest curves
downward to terminate as the posterior superior iliac spine. Muscles and ligaments surround but do not cover this
bony landmark, thus sometimes producing a depression seen as a “dimple” located on the lower back. More inferiorly
is the posterior inferior iliac spine. This is located at the inferior end of a large, roughened area called the auricular
surface of the ilium. The auricular surface articulates with the auricular surface of the sacrum to form the sacroiliac
joint. Both the posterior superior and posterior inferior iliac spines serve as attachment points for the muscles and
very strong ligaments that support the sacroiliac joint.
The shallow depression located on the anteromedial (internal) surface of the upper ilium is called the iliac fossa.
The inferior margin of this space is formed by the arcuate line of the ilium, the ridge formed by the pronounced
change in curvature between the upper and lower portions of the ilium. The large, inverted U-shaped indentation
located on the posterior margin of the lower ilium is called the greater sciatic notch.
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Ischium
The ischium forms the posterolateral portion of the hip bone (see Figure 2). The large, roughened area of the inferior
ischium is the ischial tuberosity. This serves as the attachment for the posterior thigh muscles and also carries the
weight of the body when sitting. You can feel the ischial tuberosity if you wiggle your pelvis against the seat of a chair.
Projecting superiorly and anteriorly from the ischial tuberosity is a narrow segment of bone called the ischial ramus.
The slightly curved posterior margin of the ischium above the ischial tuberosity is the lesser sciatic notch. The bony
projection separating the lesser sciatic notch and greater sciatic notch is the ischial spine.

Pubis
The pubis forms the anterior portion of the hip bone (see Figure 2). The enlarged medial portion of the pubis is the
pubic body. Located superiorly on the pubic body is a small bump called the pubic tubercle. The superior pubic ramus
is the segment of bone that passes laterally from the pubic body to join the ilium. The narrow ridge running along the
superior margin of the superior pubic ramus is the pectineal line of the pubis.
The pubic body is joined to the pubic body of the opposite hip bone by the pubic symphysis. Extending downward
and laterally from the body is the inferior pubic ramus. The pubic arch is the bony structure formed by the pubic
symphysis, and the bodies and inferior pubic rami of the adjacent pubic bones. The inferior pubic ramus extends
downward to join the ischial ramus. Together, these form the single ischiopubic ramus, which extends from the
pubic body to the ischial tuberosity. The inverted V-shape formed as the ischiopubic rami from both sides come
together at the pubic symphysis is called the subpubic angle.

Pelvis
The pelvis consists of four bones: the right and left hip bones, the sacrum, and the coccyx (see Figure 1). The pelvis has
several important functions. Its primary role is to support the weight of the upper body when sitting and to transfer
this weight to the lower limbs when standing. It serves as an attachment point for trunk and lower limb muscles, and
also protects the internal pelvic organs. When standing in the anatomical position, the pelvis is tilted anteriorly. In
this position, the anterior superior iliac spines and the pubic tubercles lie in the same vertical plane, and the anterior
(internal) surface of the sacrum faces forward and downward.
The three areas of each hip bone, the ilium, pubis, and ischium, converge centrally to form a deep, cup-shaped
cavity called the acetabulum. This is located on the lateral side of the hip bone and is part of the hip joint. The large
opening in the anteroinferior hip bone between the ischium and pubis is the obturator foramen. This space is largely
filled in by a layer of connective tissue and serves for the attachment of muscles on both its internal and external
surfaces.
Several ligaments unite the bones of the pelvis (Figure 3). The largely immobile sacroiliac joint is supported by
a pair of strong ligaments that are attached between the sacrum and ilium portions of the hip bone. These are the
anterior sacroiliac ligament on the anterior side of the joint and the posterior sacroiliac ligament on the posterior
side. Also spanning the sacrum and hip bone are two additional ligaments. The sacrospinous ligament runs from the
sacrum to the ischial spine, and the sacrotuberous ligament runs from the sacrum to the ischial tuberosity. These
ligaments help to support and immobilize the sacrum as it carries the weight of the body.
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Figure 3. Ligaments of the Pelvis. The posterior sacroiliac ligament supports the sacroiliac joint. The
sacrospinous ligament spans the sacrum to the ischial spine, and the sacrotuberous ligament spans the sacrum
to the ischial tuberosity. The sacrospinous and sacrotuberous ligaments contribute to the formation of the
greater and lesser sciatic foramens.

Watch this video for a 3-D
view of the pelvis and its
associated ligaments.

Watch this video for a 3-D view of the pelvis and its associated ligaments. What is the large opening in the bony pelvis,
located between the ischium and pubic regions, and what two parts of the pubis contribute to the formation of this
opening?
The sacrospinous and sacrotuberous ligaments also help to define two openings on the posterolateral sides of the
pelvis through which muscles, nerves, and blood vessels for the lower limb exit. The superior opening is the greater
sciatic foramen. This large opening is formed by the greater sciatic notch of the hip bone, the sacrum, and the
sacrospinous ligament. The smaller, more inferior lesser sciatic foramen is formed by the lesser sciatic notch of the
hip bone, together with the sacrospinous and sacrotuberous ligaments.
The space enclosed by the bony pelvis is divided into two regions (Figure 4). The broad, superior region, defined
laterally by the large, fan-like portion of the upper hip bone, is called the greater pelvis (greater pelvic cavity; false
pelvis). This broad area is occupied by portions of the small and large intestines, and because it is more closely
associated with the abdominal cavity, it is sometimes referred to as the false pelvis. More inferiorly, the narrow,
rounded space of the lesser pelvis (lesser pelvic cavity; true pelvis) contains the bladder and other pelvic organs, and
thus is also known as the true pelvis. The pelvic brim (also known as the pelvic inlet) forms the superior margin of
the lesser pelvis, separating it from the greater pelvis. The pelvic brim is defined by a line formed by the upper margin
of the pubic symphysis anteriorly, and the pectineal line of the pubis, the arcuate line of the ilium, and the sacral
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promontory (the anterior margin of the superior sacrum) posteriorly. The inferior limit of the lesser pelvic cavity is
called the pelvic outlet. This large opening is defined by the inferior margin of the pubic symphysis anteriorly, and the
ischiopubic ramus, the ischial tuberosity, the sacrotuberous ligament, and the inferior tip of the coccyx posteriorly.
Because of the anterior tilt of the pelvis, the lesser pelvis is also angled, giving it an anterosuperior (pelvic inlet) to
posteroinferior (pelvic outlet) orientation.

Figure 4. Male and Female Pelvis. The female pelvis is adapted for childbirth and is broader, with a larger
subpubic angle, a rounder pelvic brim, and a wider and more shallow lesser pelvic cavity than the male pelvis.

Comparison of the Female and Male Pelvis
The differences between the adult female and male pelvis relate to function and body size. In general, the bones of
the male pelvis are thicker and heavier, adapted for support of the male’s heavier physical build and stronger muscles.
The greater sciatic notch of the male hip bone is narrower and deeper than the broader notch of females. Because
the female pelvis is adapted for childbirth, it is wider than the male pelvis, as evidenced by the distance between the
anterior superior iliac spines (see Figure 4). The ischial tuberosities of females are also farther apart, which increases
the size of the pelvic outlet. Because of this increased pelvic width, the subpubic angle is larger in females (greater
than 80 degrees) than it is in males (less than 70 degrees). The female sacrum is wider, shorter, and less curved, and
the sacral promontory projects less into the pelvic cavity, thus giving the female pelvic inlet (pelvic brim) a more
rounded or oval shape compared to males. The lesser pelvic cavity of females is also wider and more shallow than the
narrower, deeper, and tapering lesser pelvis of males. Because of the obvious differences between female and male
hip bones, this is the one bone of the body that allows for the most accurate sex determination. Table 1 provides an
overview of the general differences between the female and male pelvis.
Overview of Differences between the Female and Male Pelvis (Table 1)
Female pelvis

Male pelvis

Pelvic weight

Bones of the pelvis are lighter and thinner

Bones of the pelvis are thicker and heavier

Pelvic inlet shape

Pelvic inlet has a round or oval shape

Pelvic inlet is heart-shaped

Lesser pelvic cavity shape

Lesser pelvic cavity is shorter and wider

Lesser pelvic cavity is longer and narrower

Subpubic angle

Subpubic angle is greater than 80 degrees

Subpubic angle is less than 70 degrees

Pelvic outlet shape

Pelvic outlet is rounded and larger

Pelvic outlet is smaller
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Career Connection
Forensic Pathology and Forensic Anthropology
A forensic pathologist (also known as a medical examiner) is a medically trained physician who has been specifically
trained in pathology to examine the bodies of the deceased to determine the cause of death. A forensic pathologist
applies his or her understanding of disease as well as toxins, blood and DNA analysis, firearms and ballistics, and
other factors to assess the cause and manner of death. At times, a forensic pathologist will be called to testify under
oath in situations that involve a possible crime. Forensic pathology is a field that has received much media attention
on television shows or following a high-profile death.
While forensic pathologists are responsible for determining whether the cause of someone’s death was natural,
a suicide, accidental, or a homicide, there are times when uncovering the cause of death is more complex, and
other skills are needed. Forensic anthropology brings the tools and knowledge of physical anthropology and human
osteology (the study of the skeleton) to the task of investigating a death. A forensic anthropologist assists medical and
legal professionals in identifying human remains. The science behind forensic anthropology involves the study of
archaeological excavation; the examination of hair; an understanding of plants, insects, and footprints; the ability to
determine how much time has elapsed since the person died; the analysis of past medical history and toxicology; the
ability to determine whether there are any postmortem injuries or alterations of the skeleton; and the identification
of the decedent (deceased person) using skeletal and dental evidence.
Due to the extensive knowledge and understanding of excavation techniques, a forensic anthropologist is an
integral and invaluable team member to have on-site when investigating a crime scene, especially when the recovery
of human skeletal remains is involved. When remains are bought to a forensic anthropologist for examination,
he or she must first determine whether the remains are in fact human. Once the remains have been identified as
belonging to a person and not to an animal, the next step is to approximate the individual’s age, sex, race, and height.
The forensic anthropologist does not determine the cause of death, but rather provides information to the forensic
pathologist, who will use all of the data collected to make a final determination regarding the cause of death.

Chapter Review
The pelvic girdle, consisting of a hip bone, serves to attach a lower limb to the axial skeleton. The hip bone articulates
posteriorly at the sacroiliac joint with the sacrum, which is part of the axial skeleton. The right and left hip bones
converge anteriorly and articulate with each other at the pubic symphysis. The combination of the hip bone, the
sacrum, and the coccyx forms the pelvis. The pelvis has a pronounced anterior tilt. The primary function of the pelvis
is to support the upper body and transfer body weight to the lower limbs. It also serves as the site of attachment for
multiple muscles.
The hip bone consists of three regions: the ilium, ischium, and pubis. The ilium forms the large, fan-like region of
the hip bone. The superior margin of this area is the iliac crest. Located at either end of the iliac crest are the anterior
superior and posterior superior iliac spines. Inferior to these are the anterior inferior and posterior inferior iliac
spines. The auricular surface of the ilium articulates with the sacrum to form the sacroiliac joint. The medial surface
of the upper ilium forms the iliac fossa, with the arcuate line marking the inferior limit of this area. The posterior
margin of the ilium has the large greater sciatic notch.
The posterolateral portion of the hip bone is the ischium. It has the expanded ischial tuberosity, which supports
body weight when sitting. The ischial ramus projects anteriorly and superiorly. The posterior margin of the ischium
has the shallow lesser sciatic notch and the ischial spine, which separates the greater and lesser sciatic notches.
The pubis forms the anterior portion of the hip bone. The body of the pubis articulates with the pubis of the
opposite hip bone at the pubic symphysis. The superior margin of the pubic body has the pubic tubercle. The pubis is
joined to the ilium by the superior pubic ramus, the superior surface of which forms the pectineal line. The inferior
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pubic ramus projects inferiorly and laterally. The pubic arch is formed by the pubic symphysis, the bodies of the
adjacent pubic bones, and the two inferior pubic rami. The inferior pubic ramus joins the ischial ramus to form the
ischiopubic ramus. The subpubic angle is formed by the medial convergence of the right and left ischiopubic rami.
The lateral side of the hip bone has the cup-like acetabulum, which is part of the hip joint. The large anterior
opening is the obturator foramen. The sacroiliac joint is supported by the anterior and posterior sacroiliac ligaments.
The sacrum is also joined to the hip bone by the sacrospinous ligament, which attaches to the ischial spine, and
the sacrotuberous ligament, which attaches to the ischial tuberosity. The sacrospinous and sacrotuberous ligaments
contribute to the formation of the greater and lesser sciatic foramina.
The broad space of the upper pelvis is the greater pelvis, and the narrow, inferior space is the lesser pelvis. These
areas are separated by the pelvic brim (pelvic inlet). The inferior opening of the pelvis is the pelvic outlet. Compared
to the male, the female pelvis is wider to accommodate childbirth, has a larger subpubic angle, and a broader greater
sciatic notch.

Interactive Link Questions
Watch this video for a 3-D view of the pelvis and its associated ligaments. What is the large opening in the bony pelvis,
located between the ischium and pubic regions, and what two parts of the pubis contribute to the formation of this
opening?
The obturator foramen is located between the ischium and the pubis. The superior and inferior pubic rami contribute
to the boundaries of the obturator foramen.

Review Questions
1. How many bones fuse in adulthood to form the hip bone?

A. 2
B. 3
C. 4
D. 5
2. Which component forms the superior part of the hip bone?

A. ilium
B. pubis
C. ischium
D. sacrum
3. Which of the following supports body weight when sitting?

A. iliac crest
B. ischial tuberosity
C. ischiopubic ramus
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D. pubic body
4. The ischial spine is found between which of the following structures?

A. inferior pubic ramus and ischial ramus
B. pectineal line and arcuate line
C. lesser sciatic notch and greater sciatic notch
D. anterior superior iliac spine and posterior superior iliac spine
5. The pelvis ________.

A. has a subpubic angle that is larger in females
B. consists of the two hip bones, but does not include the sacrum or coccyx
C. has an obturator foramen, an opening that is defined in part by the sacrospinous and sacrotuberous ligaments
D. has a space located inferior to the pelvic brim called the greater pelvis

Critical Thinking Questions
1. Describe the articulations and ligaments that unite the four bones of the pelvis to each other.

2. Discuss the ways in which the female pelvis is adapted for childbirth.

Glossary
acetabulum
large, cup-shaped cavity located on the lateral side of the hip bone; formed by the junction of the ilium, pubis,
and ischium portions of the hip bone
anterior inferior iliac spine
small, bony projection located on the anterior margin of the ilium, below the anterior superior iliac spine
anterior sacroiliac ligament
strong ligament between the sacrum and the ilium portions of the hip bone that supports the anterior side of
the sacroiliac joint
anterior superior iliac spine
rounded, anterior end of the iliac crest
arcuate line of the ilium
smooth ridge located at the inferior margin of the iliac fossa; forms the lateral portion of the pelvic brim
auricular surface of the ilium
roughened area located on the posterior, medial side of the ilium of the hip bone; articulates with the auricular
surface of the sacrum to form the sacroiliac joint
ANATOMICAL BASIS OF INJURY | 111

coxal bone
hip bone
greater pelvis
(also, greater pelvic cavity or false pelvis) broad space above the pelvic brim defined laterally by the fan-like
portion of the upper ilium
greater sciatic foramen
pelvic opening formed by the greater sciatic notch of the hip bone, the sacrum, and the sacrospinous ligament
greater sciatic notch
large, U-shaped indentation located on the posterior margin of the ilium, superior to the ischial spine
hip bone
coxal bone; single bone that forms the pelvic girdle; consists of three areas, the ilium, ischium, and pubis
iliac crest
curved, superior margin of the ilium
iliac fossa
shallow depression found on the anterior and medial surfaces of the upper ilium
ilium
superior portion of the hip bone
inferior pubic ramus
narrow segment of bone that passes inferiorly and laterally from the pubic body; joins with the ischial ramus to
form the ischiopubic ramus
ischial ramus
bony extension projecting anteriorly and superiorly from the ischial tuberosity; joins with the inferior pubic
ramus to form the ischiopubic ramus
ischial spine
pointed, bony projection from the posterior margin of the ischium that separates the greater sciatic notch and
lesser sciatic notch
ischial tuberosity
large, roughened protuberance that forms the posteroinferior portion of the hip bone; weight-bearing region
of the pelvis when sitting
ischiopubic ramus
narrow extension of bone that connects the ischial tuberosity to the pubic body; formed by the junction of the
ischial ramus and inferior pubic ramus
ischium
posteroinferior portion of the hip bone
lesser pelvis
(also, lesser pelvic cavity or true pelvis) narrow space located within the pelvis, defined superiorly by the pelvic
brim (pelvic inlet) and inferiorly by the pelvic outlet
lesser sciatic foramen
pelvic opening formed by the lesser sciatic notch of the hip bone, the sacrospinous ligament, and the
sacrotuberous ligament
lesser sciatic notch
shallow indentation along the posterior margin of the ischium, inferior to the ischial spine
obturator foramen
large opening located in the anterior hip bone, between the pubis and ischium regions
pectineal line
narrow ridge located on the superior surface of the superior pubic ramus
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pelvic brim
pelvic inlet; the dividing line between the greater and lesser pelvic regions; formed by the superior margin of
the pubic symphysis, the pectineal lines of each pubis, the arcuate lines of each ilium, and the sacral
promontory
pelvic girdle
hip girdle; consists of a single hip bone, which attaches a lower limb to the sacrum of the axial skeleton
pelvic inlet
pelvic brim
pelvic outlet
inferior opening of the lesser pelvis; formed by the inferior margin of the pubic symphysis, right and left
ischiopubic rami and sacrotuberous ligaments, and the tip of the coccyx
pelvis
ring of bone consisting of the right and left hip bones, the sacrum, and the coccyx
posterior inferior iliac spine
small, bony projection located at the inferior margin of the auricular surface on the posterior ilium
posterior sacroiliac ligament
strong ligament spanning the sacrum and ilium of the hip bone that supports the posterior side of the
sacroiliac joint
posterior superior iliac spine
rounded, posterior end of the iliac crest
pubic arch
bony structure formed by the pubic symphysis, and the bodies and inferior pubic rami of the right and left
pubic bones
pubic body
enlarged, medial portion of the pubis region of the hip bone
pubic symphysis
joint formed by the articulation between the pubic bodies of the right and left hip bones
pubic tubercle
small bump located on the superior aspect of the pubic body
pubis
anterior portion of the hip bone
sacroiliac joint
joint formed by the articulation between the auricular surfaces of the sacrum and ilium
sacrospinous ligament
ligament that spans the sacrum to the ischial spine of the hip bone
sacrotuberous ligament
ligament that spans the sacrum to the ischial tuberosity of the hip bone
subpubic angle
inverted V-shape formed by the convergence of the right and left ischiopubic rami; this angle is greater than 80
degrees in females and less than 70 degrees in males
superior pubic ramus
narrow segment of bone that passes laterally from the pubic body to join the ilium
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Solutions
Answers for Review Questions

1. B
2. A
3. B
4. C
5. A
Answers for Critical Thinking Questions

1. The pelvis is formed by the combination of the right and left hip bones, the sacrum, and the coccyx. The auricular surfaces of each
hip bone articulate with the auricular surface of the sacrum to form the sacroiliac joint. This joint is supported on either side by the
strong anterior and posterior sacroiliac ligaments. The right and left hip bones converge anteriorly, where the pubic bodies
articulate with each other to form the pubic symphysis joint. The sacrum is also attached to the hip bone by the sacrospinous
ligament, which spans the sacrum to the ischial spine, and the sacrotuberous ligament, which runs from the sacrum to the ischial
tuberosity. The coccyx is attached to the inferior end of the sacrum.
2. Compared to the male, the female pelvis is wider to accommodate childbirth. Thus, the female pelvis has greater distances between
the anterior superior iliac spines and between the ischial tuberosities. The greater width of the female pelvis results in a larger
subpubic angle. This angle, formed by the anterior convergence of the right and left ischiopubic rami, is larger in females (greater
than 80 degrees) than in males (less than 70 degrees). The female sacral promontory does not project anteriorly as far as it does in
males, which gives the pelvic brim (pelvic inlet) of the female a rounded or oval shape. The lesser pelvic cavity is wider and more
shallow in females, and the pelvic outlet is larger than in males. Thus, the greater width of the female pelvis, with its larger pelvic
inlet, lesser pelvis, and pelvic outlet, are important for childbirth because the baby must pass through the pelvis during delivery.
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11

Appendicular Muscles of the Pelvic Girdle and Lower
Limbs

Learning Objectives
By the end of this section, you will be able to:

• Identify the appendicular muscles of the pelvic girdle and lower limb
• Identify the movement and function of the pelvic girdle and lower limb

The appendicular muscles of the lower body position and stabilize the pelvic girdle, which serves as a foundation for
the lower limbs. Comparatively, there is much more movement at the pectoral girdle than at the pelvic girdle. There
is very little movement of the pelvic girdle because of its connection with the sacrum at the base of the axial skeleton.
The pelvic girdle is less range of motion because it was designed to stabilize and support the body.

Muscles of the Thigh
What would happen if the pelvic girdle, which attaches the lower limbs to the torso, were capable of the same range
of motion as the pectoral girdle? For one thing, walking would expend more energy if the heads of the femurs were
not secured in the acetabula of the pelvis. The body’s center of gravity is in the area of the pelvis. If the center of
gravity were not to remain fixed, standing up would be difficult as well. Therefore, what the leg muscles lack in
range of motion and versatility, they make up for in size and power, facilitating the body’s stabilization, posture, and
movement.

Gluteal Region Muscles That Move the Femur
Most muscles that insert on the femur (the thigh bone) and move it, originate on the pelvic girdle. The psoas major
and iliacus make up the iliopsoas group. Some of the largest and most powerful muscles in the body are the gluteal
muscles or gluteal group. The gluteus maximus is the largest; deep to the gluteus maximus is the gluteus medius,
and deep to the gluteus medius is the gluteus minimus, the smallest of the trio (Figure 1 and Figure 2).
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Figure 1. Hip and Thigh Muscles. The large and powerful muscles of the hip that move the femur
generally originate on the pelvic girdle and insert into the femur. The muscles that move the lower leg
typically originate on the femur and insert into the bones of the knee joint. The anterior muscles of the
femur extend the lower leg but also aid in flexing the thigh. The posterior muscles of the femur flex the
lower leg but also aid in extending the thigh. A combination of gluteal and thigh muscles also adduct,
abduct, and rotate the thigh and lower leg.
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Figure 2. Gluteal Region Muscles That Move the Femur

The tensor fascia latae is a thick, squarish muscle in the superior aspect of the lateral thigh. It acts as a synergist of the
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gluteus medius and iliopsoas in flexing and abducting the thigh. It also helps stabilize the lateral aspect of the knee by
pulling on the iliotibial tract (band), making it taut. Deep to the gluteus maximus, the piriformis, obturator internus,
obturator externus, superior gemellus, inferior gemellus, and quadratus femoris laterally rotate the femur at the
hip.
The adductor longus, adductor brevis, and adductor magnus can both medially and laterally rotate the thigh
depending on the placement of the foot. The adductor longus flexes the thigh, whereas the adductor magnus extends
it. The pectineus adducts and flexes the femur at the hip as well. The pectineus is located in the femoral triangle,
which is formed at the junction between the hip and the leg and also includes the femoral nerve, the femoral artery,
the femoral vein, and the deep inguinal lymph nodes.

Thigh Muscles That Move the Femur, Tibia, and Fibula
Deep fascia in the thigh separates it into medial, anterior, and posterior compartments (see Figure 1 and Figure 3).
The muscles in the medial compartment of the thigh are responsible for adducting the femur at the hip. Along with
the adductor longus, adductor brevis, adductor magnus, and pectineus, the strap-like gracilis adducts the thigh in
addition to flexing the leg at the knee.
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Figure 3. Thigh Muscles That Move the Femur, Tibia, and Fibula

The muscles of the anterior compartment of the thigh flex the thigh and extend the leg. This compartment contains
the quadriceps femoris group, which actually comprises four muscles that extend and stabilize the knee. The rectus
femoris is on the anterior aspect of the thigh, the vastus lateralis is on the lateral aspect of the thigh, the vastus
medialis is on the medial aspect of the thigh, and the vastus intermedius is between the vastus lateralis and vastus
medialis and deep to the rectus femoris. The tendon common to all four is the quadriceps tendon (patellar tendon),
which inserts into the patella and continues below it as the patellar ligament. The patellar ligament attaches to the
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tibial tuberosity. In addition to the quadriceps femoris, the sartorius is a band-like muscle that extends from the
anterior superior iliac spine to the medial side of the proximal tibia. This versatile muscle flexes the leg at the knee
and flexes, abducts, and laterally rotates the leg at the hip. This muscle allows us to sit cross-legged.
The posterior compartment of the thigh includes muscles that flex the leg and extend the thigh. The three long
muscles on the back of the knee are the hamstring group, which flexes the knee. These are the biceps femoris,
semitendinosus, and semimembranosus. The tendons of these muscles form the popliteal fossa, the diamondshaped space at the back of the knee.

Muscles That Move the Feet and Toes
Similar to the thigh muscles, the muscles of the leg are divided by deep fascia into compartments, although the leg
has three: anterior, lateral, and posterior (Figure 4 and Figure 5).

Figure 4. Muscles of the Lower Leg The muscles of the anterior compartment of the lower leg are generally responsible for
dorsiflexion, and the muscles of the posterior compartment of the lower leg are generally responsible for plantar flexion.
The lateral and medial muscles in both compartments invert, evert, and rotate the foot.
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Figure 5. Muscles That Move the Feet and Toes

The muscles in the anterior compartment of the leg: the tibialis anterior, a long and thick muscle on the lateral
surface of the tibia, the extensor hallucis longus, deep under it, and the extensor digitorum longus, lateral to it, all
contribute to raising the front of the foot when they contract. The fibularis tertius, a small muscle that originates on
the anterior surface of the fibula, is associated with the extensor digitorum longus and sometimes fused to it, but
is not present in all people. Thick bands of connective tissue called the superior extensor retinaculum (transverse
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ligament of the ankle) and the inferior extensor retinaculum, hold the tendons of these muscles in place during
dorsiflexion.
The lateral compartment of the leg includes two muscles: the fibularis longus (peroneus longus) and the fibularis
brevis (peroneus brevis). The superficial muscles in the posterior compartment of the leg all insert onto the calcaneal
tendon (Achilles tendon), a strong tendon that inserts into the calcaneal bone of the ankle. The muscles in this
compartment are large and strong and keep humans upright. The most superficial and visible muscle of the calf is
the gastrocnemius. Deep to the gastrocnemius is the wide, flat soleus. The plantaris runs obliquely between the two;
some people may have two of these muscles, whereas no plantaris is observed in about seven percent of other cadaver
dissections. The plantaris tendon is a desirable substitute for the fascia lata in hernia repair, tendon transplants, and
repair of ligaments. There are four deep muscles in the posterior compartment of the leg as well: the popliteus, flexor
digitorum longus, flexor hallucis longus, and tibialis posterior.
The foot also has intrinsic muscles, which originate and insert within it (similar to the intrinsic muscles of the
hand). These muscles primarily provide support for the foot and its arch, and contribute to movements of the toes
(Figure 6 and Figure 7). The principal support for the longitudinal arch of the foot is a deep fascia called plantar
aponeurosis, which runs from the calcaneus bone to the toes (inflammation of this tissue is the cause of “plantar
fasciitis,” which can affect runners. The intrinsic muscles of the foot consist of two groups. The dorsal group includes
only one muscle, the extensor digitorum brevis. The second group is the plantar group, which consists of four layers,
starting with the most superficial.

Figure 6. Intrinsic Muscles of the Foot. The muscles along the dorsal side of the foot (a) generally extend the toes while the
muscles of the plantar side of the foot (b, c, d) generally flex the toes. The plantar muscles exist in three layers, providing
the foot the strength to counterbalance the weight of the body. In this diagram, these three layers are shown from a
plantar view beginning with the bottom-most layer just under the plantar skin of the foot (b) and ending with the
top-most layer (d) located just inferior to the foot and toe bones.
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Figure 7. Intrinsic Muscles in the Foot

Chapter Review
The pelvic girdle attaches the legs to the axial skeleton. The hip joint is where the pelvic girdle and the leg come
together. The hip is joined to the pelvic girdle by many muscles. In the gluteal region, the psoas major and iliacus form
the iliopsoas. The large and strong gluteus maximus, gluteus medius, and gluteus minimus extend and abduct the
femur. Along with the gluteus maximus, the tensor fascia lata muscle forms the iliotibial tract. The lateral rotators of
the femur at the hip are the piriformis, obturator internus, obturator externus, superior gemellus, inferior gemellus,
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and quadratus femoris. On the medial part of the thigh, the adductor longus, adductor brevis, and adductor magnus
adduct the thigh and medially rotate it. The pectineus muscle adducts and flexes the femur at the hip.
The thigh muscles that move the femur, tibia, and fibula are divided into medial, anterior, and posterior
compartments. The medial compartment includes the adductors, pectineus, and the gracilis. The anterior
compartment comprises the quadriceps femoris, quadriceps tendon, patellar ligament, and the sartorius. The
quadriceps femoris is made of four muscles: the rectus femoris, the vastus lateralis, the vastus medius, and the vastus
intermedius, which together extend the knee. The posterior compartment of the thigh includes the hamstrings: the
biceps femoris, semitendinosus, and the semimembranosus, which all flex the knee.
The muscles of the leg that move the foot and toes are divided into anterior, lateral, superficial- and deep-posterior
compartments. The anterior compartment includes the tibialis anterior, the extensor hallucis longus, the extensor
digitorum longus, and the fibularis (peroneus) tertius. The lateral compartment houses the fibularis (peroneus)
longus and the fibularis (peroneus) brevis. The superficial posterior compartment has the gastrocnemius, soleus,
and plantaris; and the deep posterior compartment has the popliteus, tibialis posterior, flexor digitorum longus, and
flexor hallucis longus.

Review Questions
1. The large muscle group that attaches the leg to the pelvic girdle and produces extension of the hip joint is the ________ group.

A. gluteal
B. obturator
C. adductor
D. abductor
2. Which muscle produces movement that allows you to cross your legs?

A. the gluteus maximus
B. the piriformis
C. the gracilis
D. the sartorius
3. What is the largest muscle in the lower leg?

A. soleus
B. gastrocnemius
C. tibialis anterior
D. tibialis posterior
4. The vastus intermedius muscle is deep to which of the following muscles?

A. biceps femoris
B. rectus femoris
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C. vastus medialis
D. vastus lateralis

Critical Thinking Questions
1. Which muscles form the hamstrings? How do they function together?

2. Which muscles form the quadriceps? How do they function together?

Glossary
adductor brevis
muscle that adducts and medially rotates the thigh
adductor longus
muscle that adducts, medially rotates, and flexes the thigh
adductor magnus
muscle with an anterior fascicle that adducts, medially rotates and flexes the thigh, and a posterior fascicle that
assists in thigh extension
anterior compartment of the leg
region that includes muscles that dorsiflex the foot
anterior compartment of the thigh
region that includes muscles that flex the thigh and extend the leg
biceps femoris
hamstring muscle
calcaneal tendon
(also, Achilles tendon) strong tendon that inserts into the calcaneal bone of the ankle
dorsal group
region that includes the extensor digitorum brevis
extensor digitorum brevis
muscle that extends the toes
extensor digitorum longus
muscle that is lateral to the tibialis anterior
extensor hallucis longus
muscle that is partly deep to the tibialis anterior and extensor digitorum longus
femoral triangle
region formed at the junction between the hip and the leg and includes the pectineus, femoral nerve, femoral
artery, femoral vein, and deep inguinal lymph nodes
fibularis brevis
(also, peroneus brevis) muscle that plantar flexes the foot at the ankle and everts it at the intertarsal joints

ANATOMICAL BASIS OF INJURY | 125

fibularis longus
(also, peroneus longus) muscle that plantar flexes the foot at the ankle and everts it at the intertarsal joints
fibularis tertius
small muscle that is associated with the extensor digitorum longus
flexor digitorum longus
muscle that flexes the four small toes
flexor hallucis longus
muscle that flexes the big toe
gastrocnemius
most superficial muscle of the calf
gluteal group
muscle group that extends, flexes, rotates, adducts, and abducts the femur
gluteus maximus
largest of the gluteus muscles that extends the femur
gluteus medius
muscle deep to the gluteus maximus that abducts the femur at the hip
gluteus minimus
smallest of the gluteal muscles and deep to the gluteus medius
gracilis
muscle that adducts the thigh and flexes the leg at the knee
hamstring group
three long muscles on the back of the leg
iliacus
muscle that, along with the psoas major, makes up the iliopsoas
iliopsoas group
muscle group consisting of iliacus and psoas major muscles, that flexes the thigh at the hip, rotates it laterally,
and flexes the trunk of the body onto the hip
iliotibial tract
muscle that inserts onto the tibia; made up of the gluteus maximus and connective tissues of the tensor fasciae
latae
inferior extensor retinaculum
cruciate ligament of the ankle
inferior gemellus
muscle deep to the gluteus maximus on the lateral surface of the thigh that laterally rotates the femur at the hip
lateral compartment of the leg
region that includes the fibularis (peroneus) longus and the fibularis (peroneus) brevis and their associated
blood vessels and nerves
medial compartment of the thigh
a region that includes the adductor longus, adductor brevis, adductor magnus, pectineus, gracilis, and their
associated blood vessels and nerves
obturator externus
muscle deep to the gluteus maximus on the lateral surface of the thigh that laterally rotates the femur at the hip
obturator internus
muscle deep to the gluteus maximus on the lateral surface of the thigh that laterally rotates the femur at the hip
patellar ligament
extension of the quadriceps tendon below the patella
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pectineus
muscle that abducts and flexes the femur at the hip
pelvic girdle
hips, a foundation for the lower limb
piriformis
muscle deep to the gluteus maximus on the lateral surface of the thigh that laterally rotates the femur at the hip
plantar aponeurosis
muscle that supports the longitudinal arch of the foot
plantar group
four-layered group of intrinsic foot muscles
plantaris
muscle that runs obliquely between the gastrocnemius and the soleus
popliteal fossa
diamond-shaped space at the back of the knee
popliteus
muscle that flexes the leg at the knee and creates the floor of the popliteal fossa
posterior compartment of the leg
region that includes the superficial gastrocnemius, soleus, and plantaris, and the deep popliteus, flexor
digitorum longus, flexor hallucis longus, and tibialis posterior
posterior compartment of the thigh
region that includes muscles that flex the leg and extend the thigh
psoas major
muscle that, along with the iliacus, makes up the iliopsoas
quadratus femoris
muscle deep to the gluteus maximus on the lateral surface of the thigh that laterally rotates the femur at the hip
quadriceps femoris group
four muscles, that extend and stabilize the knee
quadriceps tendon
(also, patellar tendon) tendon common to all four quadriceps muscles, inserts into the patella
rectus femoris
quadricep muscle on the anterior aspect of the thigh
sartorius
band-like muscle that flexes, abducts, and laterally rotates the leg at the hip
semimembranosus
hamstring muscle
semitendinosus
hamstring muscle
soleus
wide, flat muscle deep to the gastrocnemius
superior extensor retinaculum
transverse ligament of the ankle
superior gemellus
muscle deep to the gluteus maximus on the lateral surface of the thigh that laterally rotates the femur at the hip
tensor fascia lata
muscle that flexes and abducts the thigh
ANATOMICAL BASIS OF INJURY | 127

tibialis anterior
muscle located on the lateral surface of the tibia
tibialis posterior
muscle that plantar flexes and inverts the foot
vastus intermedius
quadricep muscle that is between the vastus lateralis and vastus medialis and is deep to the rectus femoris
vastus lateralis
quadricep muscle on the lateral aspect of the thigh
vastus medialis
quadricep muscle on the medial aspect of the thigh

Solutions
Answers for Review Questions

1. A
2. D
3. B
4. B
Answers for Critical Thinking Questions

1. The biceps femoris, semimembranosus, and semitendinosus form the hamstrings. The hamstrings flex the leg at the knee joint.
2. The rectus femoris, vastus medialis, vastus lateralis, and vastus intermedius form the quadriceps. The quadriceps muscles extend
the leg at the knee joint.
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PART II

Unit 2
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12

Bones of the Upper Limb

Learning Objectives
By the end of this section, you will be able to:

• Identify the divisions of the upper limb and describe the bones in each region
• List the bones and bony landmarks that articulate at each joint of the upper limb

The upper limb is divided into three regions. These consist of the arm, located between the shoulder and elbow joints;
the forearm, which is between the elbow and wrist joints; and the hand, which is located distal to the wrist. There
are 30 bones in each upper limb (see Chapter 8.1 Figure 1). The humerus is the single bone of the upper arm, and the
ulna (medially) and the radius (laterally) are the paired bones of the forearm. The base of the hand contains eight
bones, each called a carpal bone, and the palm of the hand is formed by five bones, each called a metacarpal bone.
The fingers and thumb contain a total of 14 bones, each of which is a phalanx bone of the hand.

Humerus
The humerus is the single bone of the upper arm region (Figure 1). At its proximal end is the head of the humerus.
This is the large, round, smooth region that faces medially. The head articulates with the glenoid cavity of the scapula
to form the glenohumeral (shoulder) joint. The margin of the smooth area of the head is the anatomical neck of the
humerus. Located on the lateral side of the proximal humerus is an expanded bony area called the greater tubercle.
The smaller lesser tubercle of the humerus is found on the anterior aspect of the humerus. Both the greater and lesser
tubercles serve as attachment sites for muscles that act across the shoulder joint. Passing between the greater and
lesser tubercles is the narrow intertubercular groove (sulcus), which is also known as the bicipital groove because it
provides passage for a tendon of the biceps brachii muscle. The surgical neck is located at the base of the expanded,
proximal end of the humerus, where it joins the narrow shaft of the humerus. The surgical neck is a common site of
arm fractures. The deltoid tuberosity is a roughened, V-shaped region located on the lateral side in the middle of the
humerus shaft. As its name indicates, it is the site of attachment for the deltoid muscle.
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Figure 1. Humerus and Elbow Joint. The humerus is the single bone of the upper
arm region. It articulates with the radius and ulna bones of the forearm to form
the elbow joint.

Distally, the humerus becomes flattened. The prominent bony projection on the medial side is the medial epicondyle
of the humerus. The much smaller lateral epicondyle of the humerus is found on the lateral side of the distal
humerus. The roughened ridge of bone above the lateral epicondyle is the lateral supracondylar ridge. All of these
areas are attachment points for muscles that act on the forearm, wrist, and hand. The powerful grasping muscles
of the anterior forearm arise from the medial epicondyle, which is thus larger and more robust than the lateral
epicondyle that gives rise to the weaker posterior forearm muscles.
The distal end of the humerus has two articulation areas, which join the ulna and radius bones of the forearm to
form the elbow joint. The more medial of these areas is the trochlea, a spindle- or pulley-shaped region (trochlea =
“pulley”), which articulates with the ulna bone. Immediately lateral to the trochlea is the capitulum (“small head”), a
knob-like structure located on the anterior surface of the distal humerus. The capitulum articulates with the radius
bone of the forearm. Just above these bony areas are two small depressions. These spaces accommodate the forearm
bones when the elbow is fully bent (flexed). Superior to the trochlea is the coronoid fossa, which receives the coronoid
process of the ulna, and above the capitulum is the radial fossa, which receives the head of the radius when the elbow
is flexed. Similarly, the posterior humerus has the olecranon fossa, a larger depression that receives the olecranon
process of the ulna when the forearm is fully extended.

Ulna
The ulna is the medial bone of the forearm. It runs parallel to the radius, which is the lateral bone of the forearm
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(Figure 2). The proximal end of the ulna resembles a crescent wrench with its large, C-shaped trochlear notch. This
region articulates with the trochlea of the humerus as part of the elbow joint. The inferior margin of the trochlear
notch is formed by a prominent lip of bone called the coronoid process of the ulna. Just below this on the anterior
ulna is a roughened area called the ulnar tuberosity. To the lateral side and slightly inferior to the trochlear notch is a
small, smooth area called the radial notch of the ulna. This area is the site of articulation between the proximal radius
and the ulna, forming the proximal radioulnar joint. The posterior and superior portions of the proximal ulna make
up the olecranon process, which forms the bony tip of the elbow.

Figure 2. Ulna and Radius. The ulna is located on the medial side of the forearm,
and the radius is on the lateral side. These bones are attached to each other by an
interosseous membrane.

More distal is the shaft of the ulna. The lateral side of the shaft forms a ridge called the interosseous border of the
ulna. This is the line of attachment for the interosseous membrane of the forearm, a sheet of dense connective tissue
that unites the ulna and radius bones. The small, rounded area that forms the distal end is the head of the ulna.
Projecting from the posterior side of the ulnar head is the styloid process of the ulna, a short bony projection. This
serves as an attachment point for a connective tissue structure that unites the distal ends of the ulna and radius.
In the anatomical position, with the elbow fully extended and the palms facing forward, the arm and forearm do
not form a straight line. Instead, the forearm deviates laterally by 5–15 degrees from the line of the arm. This deviation
is called the carrying angle. It allows the forearm and hand to swing freely or to carry an object without hitting the
hip. The carrying angle is larger in females to accommodate their wider pelvis.
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Radius
The radius runs parallel to the ulna, on the lateral (thumb) side of the forearm (see Figure 2). The head of the radius is
a disc-shaped structure that forms the proximal end. The small depression on the surface of the head articulates with
the capitulum of the humerus as part of the elbow joint, whereas the smooth, outer margin of the head articulates
with the radial notch of the ulna at the proximal radioulnar joint. The neck of the radius is the narrowed region
immediately below the expanded head. Inferior to this point on the medial side is the radial tuberosity, an ovalshaped, bony protuberance that serves as a muscle attachment point. The shaft of the radius is slightly curved and
has a small ridge along its medial side. This ridge forms the interosseous border of the radius, which, like the similar
border of the ulna, is the line of attachment for the interosseous membrane that unites the two forearm bones. The
distal end of the radius has a smooth surface for articulation with two carpal bones to form the radiocarpal joint or
wrist joint (Figure 3 and Figure 4). On the medial side of the distal radius is the ulnar notch of the radius. This shallow
depression articulates with the head of the ulna, which together form the distal radioulnar joint. The lateral end of
the radius has a pointed projection called the styloid process of the radius. This provides attachment for ligaments
that support the lateral side of the wrist joint. Compared to the styloid process of the ulna, the styloid process of the
radius projects more distally, thereby limiting the range of movement for lateral deviations of the hand at the wrist
joint.

Watch this video to see how
fractures of the distal
radius bone can affect the
wrist joint.

Watch this video to see how fractures of the distal radius bone can affect the wrist joint. Explain the problems that
may occur if a fracture of the distal radius involves the joint surface of the radiocarpal joint of the wrist.

Carpal Bones
The wrist and base of the hand are formed by a series of eight small carpal bones (see Figure 3). The carpal bones are
arranged in two rows, forming a proximal row of four carpal bones and a distal row of four carpal bones. The bones in
the proximal row, running from the lateral (thumb) side to the medial side, are the scaphoid (“boat-shaped”), lunate
(“moon-shaped”), triquetrum (“three-cornered”), and pisiform (“pea-shaped”) bones. The small, rounded pisiform
bone articulates with the anterior surface of the triquetrum bone. The pisiform thus projects anteriorly, where it
forms the bony bump that can be felt at the medial base of your hand. The distal bones (lateral to medial) are the
trapezium (“table”), trapezoid (“resembles a table”), capitate (“head-shaped”), and hamate (“hooked bone”) bones.
The hamate bone is characterized by a prominent bony extension on its anterior side called the hook of the hamate
bone.
A helpful mnemonic for remembering the arrangement of the carpal bones is “So Long To Pinky, Here Comes The
Thumb.” This mnemonic starts on the lateral side and names the proximal bones from lateral to medial (scaphoid,
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lunate, triquetrum, pisiform), then makes a U-turn to name the distal bones from medial to lateral (hamate, capitate,
trapezoid, trapezium). Thus, it starts and finishes on the lateral side.

Figure 3. Bones of the Wrist and Hand. The eight carpal bones form the base of the hand. These are arranged
into proximal and distal rows of four bones each. The metacarpal bones form the palm of the hand. The thumb
and fingers consist of the phalanx bones.

The carpal bones form the base of the hand. This can be seen in the radiograph (X-ray image) of the hand that shows
the relationships of the hand bones to the skin creases of the hand (see Figure 4). Within the carpal bones, the four
proximal bones are united to each other by ligaments to form a unit. Only three of these bones, the scaphoid, lunate,
and triquetrum, contribute to the radiocarpal joint. The scaphoid and lunate bones articulate directly with the distal
end of the radius, whereas the triquetrum bone articulates with a fibrocartilaginous pad that spans the radius and
styloid process of the ulna. The distal end of the ulna thus does not directly articulate with any of the carpal bones.
The four distal carpal bones are also held together as a group by ligaments. The proximal and distal rows of carpal
bones articulate with each other to form the midcarpal joint (see Figure 4). Together, the radiocarpal and midcarpal
joints are responsible for all movements of the hand at the wrist. The distal carpal bones also articulate with the
metacarpal bones of the hand.

134 | LAYCI HARRISON

Figure 4. Bones of the Hand. This radiograph shows the position of the bones within the hand. Note the carpal
bones that form the base of the hand. (credit: modification of work by Trace Meek)

In the articulated hand, the carpal bones form a U-shaped grouping. A strong ligament called the flexor retinaculum
spans the top of this U-shaped area to maintain this grouping of the carpal bones. The flexor retinaculum is attached
laterally to the trapezium and scaphoid bones, and medially to the hamate and pisiform bones. Together, the carpal
bones and the flexor retinaculum form a passageway called the carpal tunnel, with the carpal bones forming the walls
and floor, and the flexor retinaculum forming the roof of this space (Figure 5). The tendons of nine muscles of the
anterior forearm and an important nerve pass through this narrow tunnel to enter the hand. Overuse of the muscle
tendons or wrist injury can produce inflammation and swelling within this space. This produces compression of the
nerve, resulting in carpal tunnel syndrome, which is characterized by pain or numbness, and muscle weakness in
those areas of the hand supplied by this nerve.
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Figure 5. Carpal Tunnel. The carpal tunnel is the passageway by which nine
muscle tendons and a major nerve enter the hand from the anterior forearm. The
walls and floor of the carpal tunnel are formed by the U-shaped grouping of the
carpal bones, and the roof is formed by the flexor retinaculum, a strong ligament
that anteriorly unites the bones.

Metacarpal Bones
The palm of the hand contains five elongated metacarpal bones. These bones lie between the carpal bones of the wrist
and the bones of the fingers and thumb (see Figure 3). The proximal end of each metacarpal bone articulates with
one of the distal carpal bones. Each of these articulations is a carpometacarpal joint (see Figure 4). The expanded
distal end of each metacarpal bone articulates at the metacarpophalangeal joint with the proximal phalanx bone of
the thumb or one of the fingers. The distal end also forms the knuckles of the hand, at the base of the fingers. The
metacarpal bones are numbered 1–5, beginning at the thumb.
The first metacarpal bone, at the base of the thumb, is separated from the other metacarpal bones. This allows it a
freedom of motion that is independent of the other metacarpal bones, which is very important for thumb mobility.
The remaining metacarpal bones are united together to form the palm of the hand. The second and third metacarpal
bones are firmly anchored in place and are immobile. However, the fourth and fifth metacarpal bones have limited
anterior-posterior mobility, a motion that is greater for the fifth bone. This mobility is important during power
gripping with the hand (Figure 6). The anterior movement of these bones, particularly the fifth metacarpal bone,
increases the strength of contact for the medial hand during gripping actions.
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Figure 6. Hand During Gripping. During tight gripping—compare (b) to (a)—the fourth and, particularly, the
fifth metatarsal bones are pulled anteriorly. This increases the contact between the object and the medial side
of the hand, thus improving the firmness of the grip.

Phalanx Bones
The fingers and thumb contain 14 bones, each of which is called a phalanx bone (plural = phalanges), named after the
ancient Greek phalanx (a rectangular block of soldiers). The thumb (pollex) is digit number 1 and has two phalanges,
a proximal phalanx, and a distal phalanx bone (see Figure 3). Digits 2 (index finger) through 5 (little finger) have
three phalanges each, called the proximal, middle, and distal phalanx bones. An interphalangeal joint is one of the
articulations between adjacent phalanges of the digits (see Figure 4).

Visit this site to explore the
bones and joints of the
hand.

Visit this site to explore the bones and joints of the hand. What are the three arches of the hand, and what is the
importance of these during the gripping of an object?
Disorders of the…
Appendicular System: Fractures of Upper Limb Bones
Due to our constant use of the hands and the rest of our upper limbs, an injury to any of these areas will cause a
significant loss of functional ability. Many fractures result from a hard fall onto an outstretched hand. The resulting
transmission of force up the limb may result in a fracture of the humerus, radius, or scaphoid bones. These injuries
are especially common in elderly people whose bones are weakened due to osteoporosis.
Falls onto the hand or elbow, or direct blows to the arm, can result in fractures of the humerus (Figure 7). Following
a fall, fractures at the surgical neck, the region at which the expanded proximal end of the humerus joins with the
shaft, can result in an impacted fracture, in which the distal portion of the humerus is driven into the proximal
portion. Falls or blows to the arm can also produce transverse or spiral fractures of the humeral shaft.
In children, a fall onto the tip of the elbow frequently results in a distal humerus fracture. In these, the olecranon of
the ulna is driven upward, resulting in a fracture across the distal humerus, above both epicondyles (supracondylar
fracture), or a fracture between the epicondyles, thus separating one or both of the epicondyles from the body of the
humerus (intercondylar fracture). With these injuries, the immediate concern is possible compression of the artery to
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the forearm due to swelling of the surrounding tissues. If compression occurs, the resulting ischemia (lack of oxygen)
due to reduced blood flow can quickly produce irreparable damage to the forearm muscles. In addition, four major
nerves for shoulder and upper limb muscles are closely associated with different regions of the humerus, and thus,
humeral fractures may also damage these nerves.
Another frequent injury following a fall onto an outstretched hand is a Colles fracture (“col-lees”) of the distal
radius (see Figure 7). This involves a complete transverse fracture across the distal radius that drives the separated
distal fragment of the radius posteriorly and superiorly. This injury results in a characteristic “dinner fork” bend of
the forearm just above the wrist due to the posterior displacement of the hand. This is the most frequent forearm
fracture and is a common injury in persons over the age of 50, particularly in older women with osteoporosis. It also
commonly occurs following a high-speed fall onto the hand during activities such as snowboarding or skating.
The most commonly fractured carpal bone is the scaphoid, often resulting from a fall onto the hand. Deep pain at
the lateral wrist may yield an initial diagnosis of a wrist sprain, but a radiograph taken several weeks after the injury,
after tissue swelling has subsided, will reveal the fracture. Due to the poor blood supply to the scaphoid bone, healing
will be slow and there is the danger of bone necrosis and subsequent degenerative joint disease of the wrist.
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Figure 7. Fractures of the Humerus and Radius. Falls or direct blows can result in fractures of the
surgical neck or shaft of the humerus. Falls onto the elbow can fracture the distal humerus. A
Colles fracture of the distal radius is the most common forearm fracture.

Watch this video to learn
about a Colles fracture, a
break of the distal radius,
usually caused by falling
onto an outstretched hand.
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Watch this video to learn about a Colles fracture, a break of the distal radius, usually caused by falling onto an
outstretched hand. When would surgery be required and how would the fracture be repaired in this case?

Chapter Review
Each upper limb is divided into three regions and contains a total of 30 bones. The upper arm is the region located
between the shoulder and elbow joints. This area contains the humerus. The proximal humerus consists of the
head, which articulates with the scapula at the glenohumeral joint, the greater and lesser tubercles separated by the
intertubercular (bicipital) groove, and the anatomical and surgical necks. The humeral shaft has the roughened area
of the deltoid tuberosity on its lateral side. The distal humerus is flattened, forming a lateral supracondylar ridge that
terminates at the small lateral epicondyle. The medial side of the distal humerus has the large, medial epicondyle. The
articulating surfaces of the distal humerus consist of the trochlea medially and the capitulum laterally. Depressions
on the humerus that accommodate the forearm bones during bending (flexing) and straightening (extending) of the
elbow include the coronoid fossa, the radial fossa, and the olecranon fossa.
The forearm is the region of the upper limb located between the elbow and wrist joints. This region contains two
bones, the ulna medially and the radius on the lateral (thumb) side. The elbow joint is formed by the articulation
between the trochlea of the humerus and the trochlear notch of the ulna, plus the articulation between the capitulum
of the humerus and the head of the radius. The proximal radioulnar joint is the articulation between the head of
the radius and the radial notch of the ulna. The proximal ulna also has the olecranon process, forming an expanded
posterior region, and the coronoid process and ulnar tuberosity on its anterior aspect. On the proximal radius, the
narrowed region below the head is the neck; distal to this is the radial tuberosity. The shaft portions of both the ulna
and radius have an interosseous border, whereas the distal ends of each bone have a pointed styloid process. The
distal radioulnar joint is found between the head of the ulna and the ulnar notch of the radius. The distal end of the
radius articulates with the proximal carpal bones, but the ulna does not.
The base of the hand is formed by eight carpal bones. The carpal bones are united into two rows of bones. The
proximal row contains (from lateral to medial) the scaphoid, lunate, triquetrum, and pisiform bones. The scaphoid,
lunate, and triquetrum bones contribute to the formation of the radiocarpal joint. The distal row of carpal bones
contains (from medial to lateral) the hamate, capitate, trapezoid, and trapezium bones (“So Long To Pinky, Here
Comes The Thumb”). The anterior hamate has a prominent bony hook. The proximal and distal carpal rows articulate
with each other at the midcarpal joint. The carpal bones, together with the flexor retinaculum, also form the carpal
tunnel of the wrist.
The five metacarpal bones form the palm of the hand. The metacarpal bones are numbered 1–5, starting with the
thumb side. The first metacarpal bone is freely mobile, but the other bones are united as a group. The digits are
also numbered 1–5, with the thumb being number 1. The fingers and thumb contain a total of 14 phalanges (phalanx
bones). The thumb contains a proximal and a distal phalanx, whereas the remaining digits each contain proximal,
middle, and distal phalanges.

Interactive Link Questions
Watch this video to see how fractures of the distal radius bone can affect the wrist joint. Explain the problems that
may occur if a fracture of the distal radius involves the joint surface of the radiocarpal joint of the wrist.
A fracture through the joint surface of the distal radius may make the articulating surface of the radius rough or
jagged. This can then cause painful movements involving this joint and the early development of arthritis. Surgery
can return the joint surface to its original smoothness, thus allowing for the return of normal function.
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Visit this site to explore the bones and joints of the hand. What are the three arches of the hand, and what is the
importance of these during the gripping of an object?
The hand has a proximal transverse arch, a distal transverse arch, and a longitudinal arch. These allow the hand to
conform to objects being held. These arches maximize the amount of surface contact between the hand and object,
which enhances stability and increases sensory input.
Watch this video to learn about a Colles fracture, a break of the distal radius, usually caused by falling onto an
outstretched hand. When would surgery be required and how would the fracture be repaired in this case?
Surgery may be required if the fracture is unstable, meaning that the broken ends of the radius won’t stay in place to
allow for proper healing. In this case, metal plates and screws can be used to stabilize the fractured bone.

Review Questions
1. How many bones are there in the upper limbs combined?

A. 20
B. 30
C. 40
D. 60
2. Which bony landmark is located on the lateral side of the proximal humerus?

A. greater tubercle
B. trochlea
C. lateral epicondyle
D. lesser tubercle
3. Which region of the humerus articulates with the radius as part of the elbow joint?

A. trochlea
B. styloid process
C. capitulum
D. olecranon process
4. Which is the lateral-most carpal bone of the proximal row?

A. trapezium
B. hamate
C. pisiform
D. scaphoid
5. The radius bone ________.
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A. is found on the medial side of the forearm
B. has a head that articulates with the radial notch of the ulna
C. does not articulate with any of the carpal bones
D. has the radial tuberosity located near its distal end

Critical Thinking Questions
1. Your friend runs out of gas and you have to help push his car. Discuss the sequence of bones and joints that convey the forces passing from
your hand, through your upper limb and your pectoral girdle, and to your axial skeleton.

2. Name the bones in the wrist and hand, and describe or sketch out their locations and articulations.

Glossary
anatomical neck
line on the humerus located around the outside margin of the humeral head
arm
region of the upper limb located between the shoulder and elbow joints; contains the humerus bone
bicipital groove
intertubercular groove; narrow groove located between the greater and lesser tubercles of the humerus
capitate
from the lateral side, the third of the four distal carpal bones; articulates with the scaphoid and lunate
proximally, the trapezoid laterally, the hamate medially, and primarily with the third metacarpal distally
capitulum
knob-like bony structure located anteriorly on the lateral, distal end of the humerus
carpal bone
one of the eight small bones that form the wrist and base of the hand; these are grouped as a proximal row
consisting of (from lateral to medial) the scaphoid, lunate, triquetrum, and pisiform bones, and a distal row
containing (from lateral to medial) the trapezium, trapezoid, capitate, and hamate bones
carpal tunnel
passageway between the anterior forearm and hand formed by the carpal bones and flexor retinaculum
carpometacarpal joint
articulation between one of the carpal bones in the distal row and a metacarpal bone of the hand
coronoid fossa
depression on the anterior surface of the humerus above the trochlea; this space receives the coronoid process
of the ulna when the elbow is maximally flexed
coronoid process of the ulna
projecting bony lip located on the anterior, proximal ulna; forms the inferior margin of the trochlear notch
deltoid tuberosity
roughened, V-shaped region located laterally on the mid-shaft of the humerus
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distal radioulnar joint
articulation between the head of the ulna and the ulnar notch of the radius
elbow joint
joint located between the upper arm and forearm regions of the upper limb; formed by the articulations
between the trochlea of the humerus and the trochlear notch of the ulna, and the capitulum of the humerus
and the head of the radius
flexor retinaculum
strong band of connective tissue at the anterior wrist that spans the top of the U-shaped grouping of the carpal
bones to form the roof of the carpal tunnel
forearm
region of the upper limb located between the elbow and wrist joints; contains the radius and ulna bones
greater tubercle
enlarged prominence located on the lateral side of the proximal humerus
hamate
from the lateral side, the fourth of the four distal carpal bones; articulates with the lunate and triquetrum
proximally, the fourth and fifth metacarpals distally, and the capitate laterally
hand
region of the upper limb distal to the wrist joint
head of the humerus
smooth, rounded region on the medial side of the proximal humerus; articulates with the glenoid fossa of the
scapula to form the glenohumeral (shoulder) joint
head of the radius
disc-shaped structure that forms the proximal end of the radius; articulates with the capitulum of the humerus
as part of the elbow joint, and with the radial notch of the ulna as part of the proximal radioulnar joint
head of the ulna
small, rounded distal end of the ulna; articulates with the ulnar notch of the distal radius, forming the distal
radioulnar joint
hook of the hamate bone
bony extension located on the anterior side of the hamate carpal bone
humerus
single bone of the upper arm
interosseous border of the radius
narrow ridge located on the medial side of the radial shaft; for attachment of the interosseous membrane
between the ulna and radius bones
interosseous border of the ulna
narrow ridge located on the lateral side of the ulnar shaft; for attachment of the interosseous membrane
between the ulna and radius
interosseous membrane of the forearm
sheet of dense connective tissue that unites the radius and ulna bones
interphalangeal joint
articulation between adjacent phalanx bones of the hand or foot digits
intertubercular groove (sulcus)
bicipital groove; narrow groove located between the greater and lesser tubercles of the humerus
lateral epicondyle of the humerus
small projection located on the lateral side of the distal humerus
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lateral supracondylar ridge
narrow, bony ridge located along the lateral side of the distal humerus, superior to the lateral epicondyle
lesser tubercle
small, bony prominence located on anterior side of the proximal humerus
lunate
from the lateral side, the second of the four proximal carpal bones; articulates with the radius proximally, the
capitate and hamate distally, the scaphoid laterally, and the triquetrum medially
medial epicondyle of the humerus
enlarged projection located on the medial side of the distal humerus
metacarpal bone
one of the five long bones that form the palm of the hand; numbered 1–5, starting on the lateral (thumb) side of
the hand
metacarpophalangeal joint
articulation between the distal end of a metacarpal bone of the hand and a proximal phalanx bone of the thumb
or a finger
midcarpal joint
articulation between the proximal and distal rows of the carpal bones; contributes to movements of the hand at
the wrist
neck of the radius
narrowed region immediately distal to the head of the radius
olecranon fossa
large depression located on the posterior side of the distal humerus; this space receives the olecranon process
of the ulna when the elbow is fully extended
olecranon process
expanded posterior and superior portions of the proximal ulna; forms the bony tip of the elbow
phalanx bone of the hand
(plural = phalanges) one of the 14 bones that form the thumb and fingers; these include the proximal and distal
phalanges of the thumb, and the proximal, middle, and distal phalanx bones of the fingers two through five
pisiform
from the lateral side, the fourth of the four proximal carpal bones; articulates with the anterior surface of the
triquetrum
pollex
(also, thumb) digit 1 of the hand
proximal radioulnar joint
articulation formed by the radial notch of the ulna and the head of the radius
radial fossa
small depression located on the anterior humerus above the capitulum; this space receives the head of the
radius when the elbow is maximally flexed
radial notch of the ulna
small, smooth area on the lateral side of the proximal ulna; articulates with the head of the radius as part of the
proximal radioulnar joint
radial tuberosity
oval-shaped, roughened protuberance located on the medial side of the proximal radius
radiocarpal joint
wrist joint, located between the forearm and hand regions of the upper limb; articulation formed proximally by
the distal end of the radius and the fibrocartilaginous pad that unites the distal radius and ulna bone, and
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distally by the scaphoid, lunate, and triquetrum carpal bones
radius
bone located on the lateral side of the forearm
scaphoid
from the lateral side, the first of the four proximal carpal bones; articulates with the radius proximally, the
trapezoid, trapezium, and capitate distally, and the lunate medially
shaft of the humerus
narrow, elongated, central region of the humerus
shaft of the radius
narrow, elongated, central region of the radius
shaft of the ulna
narrow, elongated, central region of the ulna
styloid process of the radius
pointed projection located on the lateral end of the distal radius
styloid process of the ulna
short, bony projection located on the medial end of the distal ulna
surgical neck
region of the humerus where the expanded, proximal end joins with the narrower shaft
trapezium
from the lateral side, the first of the four distal carpal bones; articulates with the scaphoid proximally, the first
and second metacarpals distally, and the trapezoid medially
trapezoid
from the lateral side, the second of the four distal carpal bones; articulates with the scaphoid proximally, the
second metacarpal distally, the trapezium laterally, and the capitate medially
triquetrum
from the lateral side, the third of the four proximal carpal bones; articulates with the lunate laterally, the
hamate distally, and has a facet for the pisiform
trochlea
pulley-shaped region located medially at the distal end of the humerus; articulates at the elbow with the
trochlear notch of the ulna
trochlear notch
large, C-shaped depression located on the anterior side of the proximal ulna; articulates at the elbow with the
trochlea of the humerus
ulna
bone located on the medial side of the forearm
ulnar notch of the radius
shallow, smooth area located on the medial side of the distal radius; articulates with the head of the ulna at the
distal radioulnar joint
ulnar tuberosity
roughened area located on the anterior, proximal ulna inferior to the coronoid process

ANATOMICAL BASIS OF INJURY | 145

Solutions
Answers for Review Questions

1. D
2. A
3. C
4. D
5. B
Answers for Critical Thinking Questions

1. As you push against the car, forces will pass from the metacarpal bones of your hand into the carpal bones at the base of your hand.
Forces will then pass through the midcarpal and radiocarpal joints into the radius and ulna bones of the forearm. These will pass the
force through the elbow joint into the humerus of the arm, and then through the glenohumeral joint into the scapula. The force will
travel through the acromioclavicular joint into the clavicle, and then through the sternoclavicular joint into the sternum, which is
part of the axial skeleton.
2. The base of the hand is formed by the eight carpal bones arranged in two rows (distal and proximal) of four bones each. The
proximal row contains (from lateral to medial) the scaphoid, lunate, triquetrum, and pisiform bones. The distal row contains (from
medial to lateral) the hamate, capitate, trapezoid, and trapezium bones. (Use the mnemonic “So Long To Pinky, Here Comes The
Thumb” to remember this sequence). The rows of the proximal and distal carpal bones articulate with each other at the midcarpal
joint. The palm of the hand contains the five metacarpal bones, which are numbered 1–5 starting on the thumb side. The proximal
ends of the metacarpal bones articulate with the distal row of the carpal bones. The distal ends of the metacarpal bones articulate
with the proximal phalanx bones of the thumb and fingers. The thumb (digit 1) has both a proximal and distal phalanx bone. The
fingers (digits 2–5) all contain proximal, middle, and distal phalanges.
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13

The Pectoral Girdle

Learning Objectives
By the end of this section, you will be able to:

• Describe the bones that form the pectoral girdle
• List the functions of the pectoral girdle

The appendicular skeleton includes all of the limb bones, plus the bones that unite each limb with the axial skeleton
(Figure 1). The bones that attach each upper limb to the axial skeleton form the pectoral girdle (shoulder girdle). This
consists of two bones, the scapula and clavicle (Figure 2). The clavicle (collarbone) is an S-shaped bone located on the
anterior side of the shoulder. It is attached on its medial end to the sternum of the thoracic cage, which is part of the
axial skeleton. The lateral end of the clavicle articulates (joins) with the scapula just above the shoulder joint. You can
easily palpate, or feel with your fingers, the entire length of your clavicle.
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Figure 1. Axial and Appendicular Skeletons. The axial skeleton forms the central axis of the body and consists of the skull, vertebral column,
and thoracic cage. The appendicular skeleton consists of the pectoral and pelvic girdles, the limb bones, and the bones of the hands and feet.
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Figure 2. Pectoral Girdle. The pectoral girdle consists of the clavicle and the scapula, which serve to attach
the upper limb to the sternum of the axial skeleton.

The scapula (shoulder blade) lies on the posterior aspect of the shoulder. It is supported by the clavicle, which also
articulates with the humerus (arm bone) to form the shoulder joint. The scapula is a flat, triangular-shaped bone with
a prominent ridge running across its posterior surface. This ridge extends out laterally, where it forms the bony tip
of the shoulder and joins with the lateral end of the clavicle. By following along the clavicle, you can palpate out to
the bony tip of the shoulder, and from there, you can move back across your posterior shoulder to follow the ridge of
the scapula. Move your shoulder around and feel how the clavicle and scapula move together as a unit. Both of these
bones serve as important attachment sites for muscles that aid with movements of the shoulder and arm.
The right and left pectoral girdles are not joined to each other, allowing each to operate independently. In addition,
the clavicle of each pectoral girdle is anchored to the axial skeleton by a single, highly mobile joint. This allows for the
extensive mobility of the entire pectoral girdle, which in turn enhances movements of the shoulder and upper limb.
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Clavicle
The clavicle is the only long bone that lies in a horizontal position in the body (see Figure 2). The clavicle has several
important functions. First, anchored by muscles from above, it serves as a strut that extends laterally to support the
scapula. This in turn holds the shoulder joint superiorly and laterally from the body trunk, allowing for maximal
freedom of motion for the upper limb. The clavicle also transmits forces acting on the upper limb to the sternum and
axial skeleton. Finally, it serves to protect the underlying nerves and blood vessels as they pass between the trunk of
the body and the upper limb.
The clavicle has three regions: the medial end, the lateral end, and the shaft. The medial end, known as the sternal
end of the clavicle, has a triangular shape and articulates with the manubrium portion of the sternum. This forms the
sternoclavicular joint, which is the only bony articulation between the pectoral girdle of the upper limb and the axial
skeleton. This joint allows considerable mobility, enabling the clavicle and scapula to move in upward/downward and
anterior/posterior directions during shoulder movements. The sternoclavicular joint is indirectly supported by the
costoclavicular ligament (costo- = “rib”), which spans the sternal end of the clavicle and the underlying first rib. The
lateral or acromial end of the clavicle articulates with the acromion of the scapula, the portion of the scapula that
forms the bony tip of the shoulder. There are some sex differences in the morphology of the clavicle. In women, the
clavicle tends to be shorter, thinner, and less curved. In men, the clavicle is heavier and longer, and has a greater
curvature and rougher surfaces where muscles attach, features that are more pronounced in manual workers.
The clavicle is the most commonly fractured bone in the body. Such breaks often occur because of the force exerted
on the clavicle when a person falls onto his or her outstretched arms, or when the lateral shoulder receives a strong
blow. Because the sternoclavicular joint is strong and rarely dislocated, excessive force results in the breaking of the
clavicle, usually between the middle and lateral portions of the bone. If the fracture is complete, the shoulder and
lateral clavicle fragment will drop due to the weight of the upper limb, causing the person to support the sagging limb
with their other hand. Muscles acting across the shoulder will also pull the shoulder and lateral clavicle anteriorly and
medially, causing the clavicle fragments to override. The clavicle overlies many important blood vessels and nerves
for the upper limb, but fortunately, due to the anterior displacement of a broken clavicle, these structures are rarely
affected when the clavicle is fractured.

Scapula
The scapula is also part of the pectoral girdle and thus plays an important role in anchoring the upper limb to the
body. The scapula is located on the posterior side of the shoulder. It is surrounded by muscles on both its anterior
(deep) and posterior (superficial) sides, and thus does not articulate with the ribs of the thoracic cage.
The scapula has several important landmarks (Figure 3). The three margins or borders of the scapula, named for
their positions within the body, are the superior border of the scapula, the medial border of the scapula, and the
lateral border of the scapula. The suprascapular notch is located lateral to the midpoint of the superior border. The
corners of the triangular scapula, at either end of the medial border, are the superior angle of the scapula, located
between the medial and superior borders, and the inferior angle of the scapula, located between the medial and
lateral borders. The inferior angle is the most inferior portion of the scapula, and is particularly important because
it serves as the attachment point for several powerful muscles involved in shoulder and upper limb movements.
The remaining corner of the scapula, between the superior and lateral borders, is the location of the glenoid cavity
(glenoid fossa). This shallow depression articulates with the humerus bone of the arm to form the glenohumeral joint
(shoulder joint). The small bony bumps located immediately above and below the glenoid cavity are the supraglenoid
tubercle and the infraglenoid tubercle, respectively. These provide attachments for muscles of the arm.
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Figure 3. Scapula. The isolated scapula is shown here from its anterior (deep) side and its posterior
(superficial) side.

The scapula also has two prominent projections. Toward the lateral end of the superior border, between the
suprascapular notch and glenoid cavity, is the hook-like coracoid process (coracoid = “shaped like a crow’s beak”).
This process projects anteriorly and curves laterally. At the shoulder, the coracoid process is located inferior to the
lateral end of the clavicle. It is anchored to the clavicle by a strong ligament, and serves as the attachment site for
muscles of the anterior chest and arm. On the posterior aspect, the spine of the scapula is a long and prominent ridge
that runs across its upper portion. Extending laterally from the spine is a flattened and expanded region called the
acromion or acromial process. The acromion forms the bony tip of the superior shoulder region and articulates with
the lateral end of the clavicle, forming the acromioclavicular joint (see Figure 2). Together, the clavicle, acromion,
and spine of the scapula form a V-shaped bony line that provides for the attachment of neck and back muscles that
act on the shoulder, as well as muscles that pass across the shoulder joint to act on the arm.
The scapula has three depressions, each of which is called a fossa (plural = fossae). Two of these are found on
the posterior scapula, above and below the scapular spine. Superior to the spine is the narrow supraspinous fossa,
and inferior to the spine is the broad infraspinous fossa. The anterior (deep) surface of the scapula forms the
broad subscapular fossa. All of these fossae provide large surface areas for the attachment of muscles that cross the
shoulder joint to act on the humerus.
The acromioclavicular joint transmits forces from the upper limb to the clavicle. The ligaments around this
joint are relatively weak. A hard fall onto the elbow or outstretched hand can stretch or tear the acromioclavicular
ligaments, resulting in a moderate injury to the joint. However, the primary support for the acromioclavicular joint
comes from a very strong ligament called the coracoclavicular ligament (see Figure 2). This connective tissue band
anchors the coracoid process of the scapula to the inferior surface of the acromial end of the clavicle and thus
provides important indirect support for the acromioclavicular joint. Following a strong blow to the lateral shoulder,
such as when a hockey player is driven into the boards, a complete dislocation of the acromioclavicular joint can
result. In this case, the acromion is thrust under the acromial end of the clavicle, resulting in ruptures of both the
acromioclavicular and coracoclavicular ligaments. The scapula then separates from the clavicle, with the weight of
the upper limb pulling the shoulder downward. This dislocation injury of the acromioclavicular joint is known as a
“shoulder separation” and is common in contact sports such as hockey, football, or martial arts.

ANATOMICAL BASIS OF INJURY | 151

Chapter Review
The pectoral girdle, consisting of the clavicle and the scapula, attaches each upper limb to the axial skeleton. The
clavicle is an anterior bone whose sternal end articulates with the manubrium of the sternum at the sternoclavicular
joint. The sternal end is also anchored to the first rib by the costoclavicular ligament. The acromial end of the clavicle
articulates with the acromion of the scapula at the acromioclavicular joint. This end is also anchored to the coracoid
process of the scapula by the coracoclavicular ligament, which provides indirect support for the acromioclavicular
joint. The clavicle supports the scapula, transmits the weight and forces from the upper limb to the body trunk, and
protects the underlying nerves and blood vessels.
The scapula lies on the posterior aspect of the pectoral girdle. It mediates the attachment of the upper limb to
the clavicle, and contributes to the formation of the glenohumeral (shoulder) joint. This triangular bone has three
sides called the medial, lateral, and superior borders. The suprascapular notch is located on the superior border. The
scapula also has three corners, two of which are the superior and inferior angles. The third corner is occupied by the
glenoid cavity. Posteriorly, the spine separates the supraspinous and infraspinous fossae, and then extends laterally
as the acromion. The subscapular fossa is located on the anterior surface of the scapula. The coracoid process projects
anteriorly, passing inferior to the lateral end of the clavicle.

Review Questions
1. Which part of the clavicle articulates with the manubrium?

A. shaft
B. sternal end
C. acromial end
D. coracoid process
2. A shoulder separation results from injury to the ________.

A. glenohumeral joint
B. costoclavicular joint
C. acromioclavicular joint
D. sternoclavicular joint
3. Which feature lies between the spine and superior border of the scapula?

A. suprascapular notch
B. glenoid cavity
C. superior angle
D. supraspinous fossa
4. What structure is an extension of the spine of the scapula?
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A. acromion
B. coracoid process
C. supraglenoid tubercle
D. glenoid cavity
5. Name the short, hook-like bony process of the scapula that projects anteriorly.

A. acromial process
B. clavicle
C. coracoid process
D. glenoid fossa

Critical Thinking Questions
1. Describe the shape and palpable line formed by the clavicle and scapula.

2. Discuss two possible injuries of the pectoral girdle that may occur following a strong blow to the shoulder or a hard fall onto an outstretched
hand.

Glossary
acromial end of the clavicle
lateral end of the clavicle that articulates with the acromion of the scapula
acromial process
acromion of the scapula
acromioclavicular joint
articulation between the acromion of the scapula and the acromial end of the clavicle
acromion
flattened bony process that extends laterally from the scapular spine to form the bony tip of the shoulder
clavicle
collarbone; elongated bone that articulates with the manubrium of the sternum medially and the acromion of
the scapula laterally
coracoclavicular ligament
strong band of connective tissue that anchors the coracoid process of the scapula to the lateral clavicle;
provides important indirect support for the acromioclavicular joint
coracoid process
short, hook-like process that projects anteriorly and laterally from the superior margin of the scapula
costoclavicular ligament
band of connective tissue that unites the medial clavicle with the first rib
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fossa
(plural = fossae) shallow depression on the surface of a bone
glenohumeral joint
shoulder joint; formed by the articulation between the glenoid cavity of the scapula and the head of the
humerus
glenoid cavity
(also, glenoid fossa) shallow depression located on the lateral scapula, between the superior and lateral borders
inferior angle of the scapula
inferior corner of the scapula located where the medial and lateral borders meet
infraglenoid tubercle
small bump or roughened area located on the lateral border of the scapula, near the inferior margin of the
glenoid cavity
infraspinous fossa
broad depression located on the posterior scapula, inferior to the spine
lateral border of the scapula
diagonally oriented lateral margin of the scapula
medial border of the scapula
elongated, medial margin of the scapula
pectoral girdle
shoulder girdle; the set of bones, consisting of the scapula and clavicle, which attaches each upper limb to the
axial skeleton
scapula
shoulder blade bone located on the posterior side of the shoulder
spine of the scapula
prominent ridge passing mediolaterally across the upper portion of the posterior scapular surface
sternal end of the clavicle
medial end of the clavicle that articulates with the manubrium of the sternum
sternoclavicular joint
articulation between the manubrium of the sternum and the sternal end of the clavicle; forms the only bony
attachment between the pectoral girdle of the upper limb and the axial skeleton
subscapular fossa
broad depression located on the anterior (deep) surface of the scapula
superior angle of the scapula
corner of the scapula between the superior and medial borders of the scapula
superior border of the scapula
superior margin of the scapula
supraglenoid tubercle
small bump located at the superior margin of the glenoid cavity
suprascapular notch
small notch located along the superior border of the scapula, medial to the coracoid process
supraspinous fossa
narrow depression located on the posterior scapula, superior to the spine
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Solutions
Answers for Review Questions

1. B
2. C
3. D
4. A
5. C
Answers for Critical Thinking Questions

1. The clavicle extends laterally across the anterior shoulder and can be palpated along its entire length. At its lateral end, the clavicle
articulates with the acromion of the scapula, which forms the bony tip of the shoulder. The acromion is continuous with the spine of
the scapula, which can be palpated medially and posteriorly along its length. Together, the clavicle, acromion, and spine of the
scapula form a V-shaped line that serves as an important area for muscle attachment.
2. A blow to the shoulder or falling onto an outstretched hand passes strong forces through the scapula to the clavicle and sternum. A
hard fall may thus cause a fracture of the clavicle (broken collarbone) or may injure the ligaments of the acromioclavicular joint. In a
severe case, the coracoclavicular ligament may also rupture, resulting in complete dislocation of the acromioclavicular joint (a
“shoulder separation”).
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14

Muscles of the Pectoral Girdle and Upper Limbs

Learning Objectives
By the end of this section, you will be able to:

• Identify the muscles of the pectoral girdle and upper limbs
• Identify the movement and function of the pectoral girdle and upper limbs

Muscles of the shoulder and upper limb can be divided into four groups: muscles that stabilize and position the
pectoral girdle, muscles that move the arm, muscles that move the forearm, and muscles that move the wrists, hands,
and fingers. The pectoral girdle, or shoulder girdle, consists of the lateral ends of the clavicle and scapula, along with
the proximal end of the humerus, and the muscles covering these three bones to stabilize the shoulder joint. The
girdle creates a base from which the head of the humerus, in its ball-and-socket joint with the glenoid fossa of the
scapula, can move the arm in multiple directions.

Muscles That Position the Pectoral Girdle
Muscles that position the pectoral girdle are located either on the anterior thorax or on the posterior thorax (Figure
1 and Table 8). The anterior muscles include the subclavius, pectoralis minor, and serratus anterior. The posterior
muscles include the trapezius, rhomboid major, and rhomboid minor. When the rhomboids are contracted, your
scapula moves medially, which can pull the shoulder and upper limb posteriorly.
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Figure 1. Muscles That Position the Pectoral Girdle. The muscles that stabilize the pectoral girdle make it a steady base on
which other muscles can move the arm. Note that the pectoralis major and deltoid, which move the humerus, are cut here to
show the deeper positioning muscles.

Muscles that Position the Pectoral Girdle (Table 8)
Position
in the
thorax

Movement

Target

Target motion direction

Prime
mover

Origin

Insertion

Anterior
thorax

Stabilizes clavicle during movement
by depressing it

Clavicle

Depression

Subclavius

First rib

Inferior surface of
clavicle

Anterior
thorax

Rotates shoulder anteriorly
(throwing motion); assists with
inhalation

Scapula;
ribs

Scapula: depresses; ribs:
elevates

Pectoralis
minor

Anterior surfaces
of certain ribs
(2–4 or 3–5)

Coracoid process
of scapula

Anterior
thorax

Moves arm from side of body to
front of body; assists with inhalation

Scapula;
ribs

Scapula: protracts; ribs:
elevates

Serratus
anterior

Muscle slips from
certain ribs (1–8
or 1–9)

Anterior surface of
vertebral border of
scapula

Posterior
thorax

Elevates shoulders (shrugging);
pulls shoulder blades together; tilts
head backwards

Scapula;
cervical
spine

Scapula: rotests inferiorly,
retracts, elevates, and
depresses; spine: extends

Trapezius

Skull; vertebral
column

Acromion and
spine of scapula;
clavicle

Posterior
thorax

Stabilizes scapula during pectoral
girdle movement

Scapula

Retracts; rotates inferiorly

Rhomboid
major

Thoracic
vertebrae (T2–T5)

Medial border of
scapula

Posterior
thorax

Stabilizes scapula during pectoral
girdle movement

Scapula

Retracts; rotates inferiorly

Rhomboid
minor

Cervical and
thoracic
vertebrae (C7 and
T1)

Medial border of
scapula

Muscles That Move the Humerus
Similar to the muscles that position the pectoral girdle, muscles that cross the shoulder joint and move the humerus
bone of the arm include both axial and scapular muscles (Figure 2 and Figure 3). The two axial muscles are the
pectoralis major and the latissimus dorsi. The pectoralis major is thick and fan-shaped, covering much of the
superior portion of the anterior thorax. The broad, triangular latissimus dorsi is located on the inferior part of the
back, where it inserts into a thick connective tissue shealth called an aponeurosis.
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Figure 2. Muscles That Move the Humerus. (a, c) The muscles that move the humerus anteriorly are generally located on
the anterior side of the body and originate from the sternum (e.g., pectoralis major) or the anterior side of the scapula
(e.g., subscapularis). (b) The muscles that move the humerus superiorly generally originate from the superior surfaces of
the scapula and/or the clavicle (e.g., deltoids). The muscles that move the humerus inferiorly generally originate from
middle or lower back (e.g., latissiumus dorsi). (d) The muscles that move the humerus posteriorly are generally located on
the posterior side of the body and insert into the scapula (e.g., infraspinatus).
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Figure 3. Muscles That Move the Humerus

The rest of the shoulder muscles originate on the scapula. The anatomical and ligamental structure of the shoulder
joint and the arrangements of the muscles covering it, allows the arm to carry out different types of movements.
The deltoid, the thick muscle that creates the rounded lines of the shoulder is the major abductor of the arm, but
it also facilitates flexing and medial rotation, as well as extension and lateral rotation. The subscapularis originates
on the anterior scapula and medially rotates the arm. Named for their locations, the supraspinatus (superior to
the spine of the scapula) and the infraspinatus (inferior to the spine of the scapula) abduct the arm, and laterally
rotate the arm, respectively. The thick and flat teres major is inferior to the teres minor and extends the arm, and
assists in adduction and medial rotation of it. The long teres minor laterally rotates and extends the arm. Finally, the
coracobrachialis flexes and adducts the arm.
The tendons of the deep subscapularis, supraspinatus, infraspinatus, and teres minor connect the scapula to the
humerus, forming the rotator cuff (musculotendinous cuff), the circle of tendons around the shoulder joint. When
baseball pitchers undergo shoulder surgery it is usually on the rotator cuff, which becomes pinched and inflamed,
and may tear away from the bone due to the repetitive motion of bring the arm overhead to throw a fast pitch.
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Muscles That Move the Forearm
The forearm, made of the radius and ulna bones, has four main types of action at the hinge of the elbow joint: flexion,
extension, pronation, and supination. The forearm flexors include the biceps brachii, brachialis, and brachioradialis.
The extensors are the triceps brachii and anconeus. The pronators are the pronator teres and the pronator
quadratus, and the supinator is the only one that turns the forearm anteriorly. When the forearm faces anteriorly, it
is supinated. When the forearm faces posteriorly, it is pronated.
The biceps brachii, brachialis, and brachioradialis flex the forearm. The two-headed biceps brachii crosses the
shoulder and elbow joints to flex the forearm, also taking part in supinating the forearm at the radioulnar joints and
flexing the arm at the shoulder joint. Deep to the biceps brachii, the brachialis provides additional power in flexing
the forearm. Finally, the brachioradialis can flex the forearm quickly or help lift a load slowly. These muscles and
their associated blood vessels and nerves form the anterior compartment of the arm (anterior flexor compartment
of the arm) (Figure 4 and Figure 5).
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Figure 4. Muscles That Move the Forearm. The muscles originating in the upper arm flex, extend, pronate, and supinate the forearm. The muscles
originating in the forearm move the wrists, hands, and fingers.
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Figure 5. Muscles That Move the Forearm

Muscles That Move the Wrist, Hand, and Fingers
Wrist, hand, and finger movements are facilitated by two groups of muscles. The forearm is the origin of the extrinsic
muscles of the hand. The palm is the origin of the intrinsic muscles of the hand.

Muscles of the Arm That Move the Wrists, Hands, and Fingers
The muscles in the anterior compartment of the forearm (anterior flexor compartment of the forearm) originate
on the humerus and insert onto different parts of the hand. These make up the bulk of the forearm. From lateral
to medial, the superficial anterior compartment of the forearm includes the flexor carpi radialis, palmaris longus,
flexor carpi ulnaris, and flexor digitorum superficialis. The flexor digitorum superficialis flexes the hand as well as
the digits at the knuckles, which allows for rapid finger movements, as in typing or playing a musical instrument
(see Figure 6 and Table 9). However, poor ergonomics can irritate the tendons of these muscles as they slide back and
forth with the carpal tunnel of the anterior wrist and pinch the median nerve, which also travels through the tunnel,
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causing Carpal Tunnel Syndrome. The deep anterior compartment produces flexion and bends fingers to make a
fist. These are the flexor pollicis longus and the flexor digitorum profundus.
The muscles in the superficial posterior compartment of the forearm (superficial posterior extensor compartment
of the forearm) originate on the humerus. These are the extensor radialis longus, extensor carpi radialis brevis,
extensor digitorum, extensor digiti minimi, and the extensor carpi ulnaris.
The muscles of the deep posterior compartment of the forearm (deep posterior extensor compartment of the
forearm) originate on the radius and ulna. These include the abductor pollicis longus, extensor pollicis brevis,
extensor pollicis longus, and extensor indicis (see Figure 6).
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Figure 6. Muscles That Move the Wrist, Hands, and Forearm

The tendons of the forearm muscles attach to the wrist and extend into the hand. Fibrous bands called retinacula
sheath the tendons at the wrist. The flexor retinaculum extends over the palmar surface of the hand while the
extensor retinaculum extends over the dorsal surface of the hand.
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Intrinsic Muscles of the Hand
The intrinsic muscles of the hand both originate and insert within it (Figure 7). These muscles allow your fingers to
also make precise movements for actions, such as typing or writing. These muscles are divided into three groups. The
thenar muscles are on the radial aspect of the palm. The hypothenar muscles are on the medial aspect of the palm,
and the intermediate muscles are midpalmar.
The thenar muscles include the abductor pollicis brevis, opponens pollicis, flexor pollicis brevis, and the adductor
pollicis. These muscles form the thenar eminence, the rounded contour of the base of the thumb, and all act on the
thumb. The movements of the thumb play an integral role in most precise movements of the hand.
The hypothenar muscles include the abductor digiti minimi, flexor digiti minimi brevis, and the opponens digiti
minimi. These muscles form the hypothenar eminence, the rounded contour of the little finger, and as such, they all
act on the little finger. Finally, the intermediate muscles act on all the fingers and include the lumbrical, the palmar
interossei, and the dorsal interossei.

Figure 7. Intrinsic Muscles of the Hand. The intrinsic muscles of the hand both originate and insert within the
hand. These muscles provide the fine motor control of the fingers by flexing, extending, abducting, and
adducting the more distal finger and thumb segments.
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Intrinsic Muscles of the Hand (Table 9)
Muscle

Movement

Target

Target
motion
direction

Prime
mover

Origin

Insertion

Thenar
muscles

Moves thumb toward body

Thumb

Abduction

Abductor
pollicis
brevis

Flexor retinaculum;
and nearby carpals

Lateral base of proximal
phalanx of thumb

Thenar
muscles

Moves thumb across palm to touch
other fingers

Thumb

Opposition

Opponens
pollicis

Flexor retinaculum;
trapezium

Anterior of first metacarpal

Thenar
muscles

Flexes thumb

Thumb

Flexion

Flexor
pollicis
brevis

Flexor retinaculum;
trapezium

Lateral base of proximal
phalanx of thumb

Thenar
muscles

Moves thumb away from body

Thumb

Adduction

Adductor
pollicis

Capitate bone; bases
of metacarpals 2–4;
front of metacarpal 3

Medial base of proximal
phalanx of thumb

Hypothenar
muscles

Moves little finger toward body

Little
finger

Abduction

Abductor
digiti
minimi

Pisiform bone

Medial side of proximal
phalanx of little finger

Hypothenar
muscles

Flexes little finger

Little
finger

Flexion

Flexor
digiti
minimi
brevis

Hamate bone; flexor
retinaculum

Medial side of proximal
phalanx of little finger

Hypothenar
muscles

Moves little finger across palm to touch
thumb

Little
finger

Opposition

Opponens
digiti
minimi

Hamate bone; flexor
retinaculum

Medial side of fifth
metacarpal

Intermediate
muscles

Flexes each finger at
metacarpo-phalangeal joints; extends
each finger at interphalangeal joints

Fingers 2–5 (lateral edges of
extensional expansions on
first phalanges)

Intermediate
muscles

Intermediate
muscles

Fingers

Flexion

Lumbricals

Palm (lateral sides of
tendons in flexor
digitorum
profundus)

Adducts and flexes each finger at
metacarpo-phalangeal joints; extends
each finger at interphalangeal joints

Fingers

Adduction;
flexion;
extension

Palmar
interossei

Side of each
metacarpal that
faces metacarpal 3
(absent from
metacarpal 3)

Extensor expansion on first
phalanx of each finger (except
finger 3) on side facing finger
3

Abducts and flexes the three middle
fingers at metacarpo-phalangeal
joints; extends the three middle fingers
at interphalangeal joints

Fingers

Abduction;
flexion;
extension

Dorsal
interossei

Sides of metacarpals

Both sides of finger 3; for each
other finger, extensor
expansion over first phalanx
on side opposite finger 3

Chapter Review
The clavicle and scapula make up the pectoral girdle, which provides a stable origin for the muscles that move
the humerus. The muscles that position and stabilize the pectoral girdle are located on the thorax. The anterior
thoracic muscles are the subclavius, pectoralis minor, and the serratus anterior. The posterior thoracic muscles are
the trapezius, levator scapulae, rhomboid major, and rhomboid minor. Nine muscles cross the shoulder joint to move
the humerus. The ones that originate on the axial skeleton are the pectoralis major and the latissimus dorsi. The
deltoid, subscapularis, supraspinatus, infraspinatus, teres major, teres minor, and coracobrachialis originate on the
scapula.
The forearm flexors include the biceps brachii, brachialis, and brachioradialis. The extensors are the triceps brachii
and anconeus. The pronators are the pronator teres and the pronator quadratus. The supinator is the only one that
turns the forearm anteriorly.
The extrinsic muscles of the hands originate along the forearm and insert into the hand in order to facilitate
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crude movements of the wrists, hands, and fingers. The superficial anterior compartment of the forearm produces
flexion. These muscles are the flexor carpi radialis, palmaris longus, flexor carpi ulnaris, and the flexor digitorum
superficialis. The deep anterior compartment produces flexion as well. These are the flexor pollicis longus and the
flexor digitorum profundus. The rest of the compartments produce extension. The extensor carpi radialis longus,
extensor carpi radialis brevis, extensor digitorum, extensor digiti minimi, and extensor carpi ulnaris are the muscles
found in the superficial posterior compartment. The deep posterior compartment includes the abductor longus,
extensor pollicis brevis, extensor pollicis longus, and the extensor indicis.
Finally, the intrinsic muscles of the hands allow our fingers to make precise movements, such as typing and
writing. They both originate and insert within the hand. The thenar muscles, which are located on the lateral part
of the palm, are the abductor pollicis brevis, opponens pollicis, flexor pollicis brevis, and adductor pollicis. The
hypothenar muscles, which are located on the medial part of the palm, are the abductor digiti minimi, flexor digiti
minimi brevis, and opponens digiti minimi. The intermediate muscles, located in the middle of the palm, are the
lumbricals, palmar interossei, and dorsal interossei.

Review Questions
1. The rhomboid major and minor muscles are deep to the ________.

A. rectus abdominis
B. scalene muscles
C. trapezius
D. ligamentum nuchae
2. Which muscle extends the forearm?

A. biceps brachii
B. triceps brachii
C. brachialis
D. deltoid
3. What is the origin of the wrist flexors?

A. the lateral epicondyle of the humerus
B. the medial epicondyle of the humerus
C. the carpal bones of the wrist
D. the deltoid tuberosity of the humerus
4. Which muscles stabilize the pectoral girdle?

A. axial and scapular
B. axial
C. appendicular
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D. axial and appendicular

Critical Thinking Questions
1. The tendons of which muscles form the rotator cuff ? Why is the rotator cuff important?

2. List the general muscle groups of the shoulders and upper limbs as well as their subgroups.

Glossary
abductor digiti minimi
muscle that abducts the little finger
adductor pollicis
muscle that adducts the thumb
abductor pollicis brevis
muscle that abducts the thumb
abductor pollicis longus
muscle that inserts into the first metacarpal
anconeus
small muscle on the lateral posterior elbow that extends the forearm
anterior compartment of the arm
(anterior flexor compartment of the arm) the biceps brachii, brachialis, brachioradialis, and their associated
blood vessels and nerves
anterior compartment of the forearm
(anterior flexor compartment of the forearm) deep and superficial muscles that originate on the humerus and
insert into the hand
biceps brachii
two-headed muscle that crosses the shoulder and elbow joints to flex the forearm while assisting in supinating
it and flexing the arm at the shoulder
brachialis
muscle deep to the biceps brachii that provides power in flexing the forearm.
brachioradialis
muscle that can flex the forearm quickly or help lift a load slowly
coracobrachialis
muscle that flexes and adducts the arm
deep anterior compartment
flexor pollicis longus, flexor digitorum profundus, and their associated blood vessels and nerves
deep posterior compartment of the forearm
(deep posterior extensor compartment of the forearm) the abductor pollicis longus, extensor pollicis brevis,
extensor pollicis longus, extensor indicis, and their associated blood vessels and nerves
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deltoid
shoulder muscle that abducts the arm as well as flexes and medially rotates it, and extends and laterally rotates
it
dorsal interossei
muscles that abduct and flex the three middle fingers at the metacarpophalangeal joints and extend them at
the interphalangeal joints
extensor carpi radialis brevis
muscle that extends and abducts the hand at the wrist
extensor carpi ulnaris
muscle that extends and adducts the hand
extensor digiti minimi
muscle that extends the little finger
extensor digitorum
muscle that extends the hand at the wrist and the phalanges
extensor indicis
muscle that inserts onto the tendon of the extensor digitorum of the index finger
extensor pollicis brevis
muscle that inserts onto the base of the proximal phalanx of the thumb
extensor pollicis longus
muscle that inserts onto the base of the distal phalanx of the thumb
extensor radialis longus
muscle that extends and abducts the hand at the wrist
extensor retinaculum
band of connective tissue that extends over the dorsal surface of the hand
extrinsic muscles of the hand
muscles that move the wrists, hands, and fingers and originate on the arm
flexor carpi radialis
muscle that flexes and abducts the hand at the wrist
flexor carpi ulnaris
muscle that flexes and adducts the hand at the wrist
flexor digiti minimi brevis
muscle that flexes the little finger
flexor digitorum profundus
muscle that flexes the phalanges of the fingers and the hand at the wrist
flexor digitorum superficialis
muscle that flexes the hand and the digits
flexor pollicis brevis
muscle that flexes the thumb
flexor pollicis longus
muscle that flexes the distal phalanx of the thumb
flexor retinaculum
band of connective tissue that extends over the palmar surface of the hand
hypothenar
group of muscles on the medial aspect of the palm
hypothenar eminence
rounded contour of muscle at the base of the little finger
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infraspinatus
muscle that laterally rotates the arm
intermediate
group of midpalmar muscles
intrinsic muscles of the hand
muscles that move the wrists, hands, and fingers and originate in the palm
latissimus dorsi
broad, triangular axial muscle located on the inferior part of the back
lumbrical
muscle that flexes each finger at the metacarpophalangeal joints and extend each finger at the interphalangeal
joints
opponens digiti minimi
muscle that brings the little finger across the palm to meet the thumb
opponens pollicis
muscle that moves the thumb across the palm to meet another finger
palmar interossei
muscles that abduct and flex each finger at the metacarpophalangeal joints and extend each finger at the
interphalangeal joints
palmaris longus
muscle that provides weak flexion of the hand at the wrist
pectoral girdle
shoulder girdle, made up of the clavicle and scapula
pectoralis major
thick, fan-shaped axial muscle that covers much of the superior thorax
pectoralis minor
muscle that moves the scapula and assists in inhalation
pronator quadratus
pronator that originates on the ulna and inserts on the radius
pronator teres
pronator that originates on the humerus and inserts on the radius
retinacula
fibrous bands that sheath the tendons at the wrist
rhomboid major
muscle that attaches the vertebral border of the scapula to the spinous process of the thoracic vertebrae
rhomboid minor
muscle that attaches the vertebral border of the scapula to the spinous process of the thoracic vertebrae
rotator cuff
(also, musculotendinous cuff) the circle of tendons around the shoulder joint
serratus anterior
large and flat muscle that originates on the ribs and inserts onto the scapula
subclavius
muscle that stabilizes the clavicle during movement
subscapularis
muscle that originates on the anterior scapula and medially rotates the arm
superficial anterior compartment of the forearm
flexor carpi radialis, palmaris longus, flexor carpi ulnaris, flexor digitorum superficialis, and their associated
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blood vessels and nerves
superficial posterior compartment of the forearm
extensor radialis longus, extensor carpi radialis brevis, extensor digitorum, extensor digiti minimi, extensor
carpi ulnaris, and their associated blood vessels and nerves
supinator
muscle that moves the palm and forearm anteriorly
supraspinatus
muscle that abducts the arm
teres major
muscle that extends the arm and assists in adduction and medial rotation of it
teres minor
muscle that laterally rotates and extends the arm
thenar
group of muscles on the lateral aspect of the palm
thenar eminence
rounded contour of muscle at the base of the thumb
trapezius
muscle that stabilizes the upper part of the back
triceps brachii
three-headed muscle that extends the forearm

Solutions
Answers for Review Questions

1. C
2. B
3. B
4. A
Answers for Critical Thinking Questions

1. Tendons of the infraspinatus, supraspinatus, teres minor, and the subscapularis form the rotator cuff, which forms a foundation on
which the arms and shoulders can be stabilized and move.
2. The muscles that make up the shoulders and upper limbs include the muscles that position the pelvic girdle, the muscles that move
the humerus, the muscles that move the forearm, and the muscles that move the wrists, hands, and fingers.
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PART III

Unit 3
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The Vertebral Column

Learning Objectives
By the end of this section, you will be able to:

• Describe each region of the vertebral column and the number of bones in each region
• Discuss the curves of the vertebral column and how these change after birth
• Describe a typical vertebra and determine the distinguishing characteristics for vertebrae in each vertebral region and features of the sacrum
and the coccyx
• Define the structure of an intervertebral disc
• Determine the location of the ligaments that provide support for the vertebral column

The vertebral column is also known as the spinal column or spine (Figure 1). It consists of a sequence of vertebrae
(singular = vertebra), each of which is separated and united by an intervertebral disc. Together, the vertebrae and
intervertebral discs form the vertebral column. It is a flexible column that supports the head, neck, and body and
allows for their movements. It also protects the spinal cord, which passes down the back through openings in the
vertebrae.
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Figure 1. Vertebral Column. The adult vertebral column consists of 24 vertebrae, plus the sacrum and coccyx. The
vertebrae are divided into three regions: cervical C1–C7 vertebrae, thoracic T1–T12 vertebrae, and lumbar L1–L5
vertebrae. The vertebral column is curved, with two primary curvatures (thoracic and sacrococcygeal curves) and
two secondary curvatures (cervical and lumbar curves).

Regions of the Vertebral Column
The vertebral column originally develops as a series of 33 vertebrae, but this number is eventually reduced to 24
vertebrae, plus the sacrum and coccyx. The vertebral column is subdivided into five regions, with the vertebrae in
each area named for that region and numbered in descending order. In the neck, there are seven cervical vertebrae,
each designated with the letter “C” followed by its number. Superiorly, the C1 vertebra articulates (forms a joint) with
the occipital condyles of the skull. Inferiorly, C1 articulates with the C2 vertebra, and so on. Below these are the 12
thoracic vertebrae, designated T1–T12. The lower back contains the L1–L5 lumbar vertebrae. The single sacrum, which
is also part of the pelvis, is formed by the fusion of five sacral vertebrae. Similarly, the coccyx, or tailbone, results from
the fusion of four small coccygeal vertebrae. However, the sacral and coccygeal fusions do not start until age 20 and
are not completed until middle age.
An interesting anatomical fact is that almost all mammals have seven cervical vertebrae, regardless of body size.
This means that there are large variations in the size of cervical vertebrae, ranging from the very small cervical
vertebrae of a shrew to the greatly elongated vertebrae in the neck of a giraffe. In a full-grown giraffe, each cervical
vertebra is 11 inches tall.
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Curvatures of the Vertebral Column
The adult vertebral column does not form a straight line, but instead has four curvatures along its length (see Figure
1). These curves increase the vertebral column’s strength, flexibility, and ability to absorb shock. When the load on the
spine is increased, by carrying a heavy backpack for example, the curvatures increase in depth (become more curved)
to accommodate the extra weight. They then spring back when the weight is removed. The four adult curvatures are
classified as either primary or secondary curvatures. Primary curves are retained from the original fetal curvature,
while secondary curvatures develop after birth.
During fetal development, the body is flexed anteriorly into the fetal position, giving the entire vertebral column a
single curvature that is concave anteriorly. In the adult, this fetal curvature is retained in two regions of the vertebral
column as the thoracic curve, which involves the thoracic vertebrae, and the sacrococcygeal curve, formed by the
sacrum and coccyx. Each of these is thus called a primary curve because they are retained from the original fetal
curvature of the vertebral column.
A secondary curve develops gradually after birth as the child learns to sit upright, stand, and walk. Secondary
curves are concave posteriorly, opposite in direction to the original fetal curvature. The cervical curve of the neck
region develops as the infant begins to hold their head upright when sitting. Later, as the child begins to stand and
then to walk, the lumbar curve of the lower back develops. In adults, the lumbar curve is generally deeper in females.
Disorders associated with the curvature of the spine include kyphosis (an excessive posterior curvature of the
thoracic region), lordosis (an excessive anterior curvature of the lumbar region), and scoliosis (an abnormal, lateral
curvature, accompanied by twisting of the vertebral column).
Disorders of the…
Vertebral Column
Developmental anomalies, pathological changes, or obesity can enhance the normal vertebral column curves,
resulting in the development of abnormal or excessive curvatures (Figure 2). Kyphosis, also referred to as humpback
or hunchback, is an excessive posterior curvature of the thoracic region. This can develop when osteoporosis causes
weakening and erosion of the anterior portions of the upper thoracic vertebrae, resulting in their gradual collapse
(Figure 3). Lordosis, or swayback, is an excessive anterior curvature of the lumbar region and is most commonly
associated with obesity or late pregnancy. The accumulation of body weight in the abdominal region results an
anterior shift in the line of gravity that carries the weight of the body. This causes in an anterior tilt of the pelvis and
a pronounced enhancement of the lumbar curve.
Scoliosis is an abnormal, lateral curvature, accompanied by twisting of the vertebral column. Compensatory curves
may also develop in other areas of the vertebral column to help maintain the head positioned over the feet. Scoliosis is
the most common vertebral abnormality among girls. The cause is usually unknown, but it may result from weakness
of the back muscles, defects such as differential growth rates in the right and left sides of the vertebral column, or
differences in the length of the lower limbs. When present, scoliosis tends to get worse during adolescent growth
spurts. Although most individuals do not require treatment, a back brace may be recommended for growing children.
In extreme cases, surgery may be required.
Excessive vertebral curves can be identified while an individual stands in the anatomical position. Observe the
vertebral profile from the side and then from behind to check for kyphosis or lordosis. Then have the person bend
forward. If scoliosis is present, an individual will have difficulty in bending directly forward, and the right and left
sides of the back will not be level with each other in the bent position.
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Figure 2. Abnormal Curvatures of the Vertebral Column. (a) Scoliosis is an abnormal lateral bending of the vertebral column. (b)
An excessive curvature of the upper thoracic vertebral column is called kyphosis. (c) Lordosis is an excessive curvature in the
lumbar region of the vertebral column.

Figure 3. Osteoporosis. Osteoporosis is an age-related disorder that causes
the gradual loss of bone density and strength. When the thoracic
vertebrae are affected, there can be a gradual collapse of the vertebrae.
This results in kyphosis, an excessive curvature of the thoracic region.

Watch this video to get a
better understanding of
how thoracic vertebrae may
become weakened and may
fracture due to this disease.

Osteoporosis is a common age-related bone disease in which bone density and strength is decreased. Watch this
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video to get a better understanding of how thoracic vertebrae may become weakened and may fracture due to this
disease. How may vertebral osteoporosis contribute to kyphosis?

General Structure of a Vertebra
Within the different regions of the vertebral column, vertebrae vary in size and shape, but they all follow a similar
structural pattern. A typical vertebra will consist of a body, a vertebral arch, and seven processes (Figure 4).
The body is the anterior portion of each vertebra and is the part that supports the body weight. Because of this, the
vertebral bodies progressively increase in size and thickness going down the vertebral column. The bodies of adjacent
vertebrae are separated and strongly united by an intervertebral disc.
The vertebral arch forms the posterior portion of each vertebra. It consists of four parts, the right and left pedicles
and the right and left laminae. Each pedicle forms one of the lateral sides of the vertebral arch. The pedicles are
anchored to the posterior side of the vertebral body. Each lamina forms part of the posterior roof of the vertebral
arch. The large opening between the vertebral arch and body is the vertebral foramen, which contains the spinal
cord. In the intact vertebral column, the vertebral foramina of all of the vertebrae align to form the vertebral (spinal)
canal, which serves as the bony protection and passageway for the spinal cord down the back. When the vertebrae are
aligned together in the vertebral column, notches in the margins of the pedicles of adjacent vertebrae together form
an intervertebral foramen, the opening through which a spinal nerve exits from the vertebral column (Figure 5).
Seven processes arise from the vertebral arch. Each paired transverse process projects laterally and arises from
the junction point between the pedicle and lamina. The single spinous process (vertebral spine) projects posteriorly
at the midline of the back. The vertebral spines can easily be felt as a series of bumps just under the skin down the
middle of the back. The transverse and spinous processes serve as important muscle attachment sites. A superior
articular process extends or faces upward, and an inferior articular process faces or projects downward on each side
of a vertebrae. The paired superior articular processes of one vertebra join with the corresponding paired inferior
articular processes from the next higher vertebra. These junctions form slightly moveable joints between the adjacent
vertebrae. The shape and orientation of the articular processes vary in different regions of the vertebral column and
play a major role in determining the type and range of motion available in each region.

Figure 4. Parts of a Typical Vertebra. A typical vertebra consists of a body and a vertebral arch. The arch is formed by the paired
pedicles and paired laminae. Arising from the vertebral arch are the transverse, spinous, superior articular, and inferior articular
processes. The vertebral foramen provides for passage of the spinal cord. Each spinal nerve exits through an intervertebral
foramen, located between adjacent vertebrae. Intervertebral discs unite the bodies of adjacent vertebrae.
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Figure 5. Intervertebral Disc. The bodies of adjacent vertebrae are separated and united by an intervertebral disc,
which provides padding and allows for movements between adjacent vertebrae. The disc consists of a fibrous
outer layer called the anulus fibrosus and a gel-like center called the nucleus pulposus. The intervertebral
foramen is the opening formed between adjacent vertebrae for the exit of a spinal nerve.

Regional Modifications of Vertebrae
In addition to the general characteristics of a typical vertebra described above, vertebrae also display characteristic
size and structural features that vary between the different vertebral column regions. Thus, cervical vertebrae are
smaller than lumbar vertebrae due to differences in the proportion of body weight that each supports. Thoracic
vertebrae have sites for rib attachment, and the vertebrae that give rise to the sacrum and coccyx have fused together
into single bones.

Cervical Vertebrae
Typical cervical vertebrae, such as C4 or C5, have several characteristic features that differentiate them from thoracic
or lumbar vertebrae (Figure 6). Cervical vertebrae have a small body, reflecting the fact that they carry the least
amount of body weight. Cervical vertebrae usually have a bifid (Y-shaped) spinous process. The spinous processes
of the C3–C6 vertebrae are short, but the spine of C7 is much longer. You can find these vertebrae by running your
finger down the midline of the posterior neck until you encounter the prominent C7 spine located at the base of
the neck. The transverse processes of the cervical vertebrae are sharply curved (U-shaped) to allow for passage of
the cervical spinal nerves. Each transverse process also has an opening called the transverse foramen. An important
artery that supplies the brain ascends up the neck by passing through these openings. The superior and inferior
articular processes of the cervical vertebrae are flattened and largely face upward or downward, respectively.
The first and second cervical vertebrae are further modified, giving each a distinctive appearance. The first cervical
(C1) vertebra is also called the atlas, because this is the vertebra that supports the skull on top of the vertebral
column (in Greek mythology, Atlas was the god who supported the heavens on his shoulders). The C1 vertebra does
not have a body or spinous process. Instead, it is ring-shaped, consisting of an anterior arch and a posterior arch.
The transverse processes of the atlas are longer and extend more laterally than do the transverse processes of any
other cervical vertebrae. The superior articular processes face upward and are deeply curved for articulation with the
occipital condyles on the base of the skull. The inferior articular processes are flat and face downward to join with the
superior articular processes of the C2 vertebra.
The second cervical (C2) vertebra is called the axis, because it serves as the axis for rotation when turning the head
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toward the right or left. The axis resembles typical cervical vertebrae in most respects, but is easily distinguished by
the dens (odontoid process), a bony projection that extends upward from the vertebral body. The dens joins with the
inner aspect of the anterior arch of the atlas, where it is held in place by transverse ligament.

Figure 6. Cervical Vertebrae. A typical cervical vertebra has a small body, a bifid spinous process, transverse processes that have a
transverse foramen and are curved for spinal nerve passage. The atlas (C1 vertebra) does not have a body or spinous process. It
consists of an anterior and a posterior arch and elongated transverse processes. The axis (C2 vertebra) has the upward projecting
dens, which articulates with the anterior arch of the atlas.

Thoracic Vertebrae
The bodies of the thoracic vertebrae are larger than those of cervical vertebrae (Figure 7). The characteristic feature
for a typical midthoracic vertebra is the spinous process, which is long and has a pronounced downward angle that
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causes it to overlap the next inferior vertebra. The superior articular processes of thoracic vertebrae face anteriorly
and the inferior processes face posteriorly. These orientations are important determinants for the type and range of
movements available to the thoracic region of the vertebral column.
Thoracic vertebrae have several additional articulation sites, each of which is called a facet, where a rib is attached.
Most thoracic vertebrae have two facets located on the lateral sides of the body, each of which is called a costal facet
(costal = “rib”). These are for articulation with the head (end) of a rib. An additional facet is located on the transverse
process for articulation with the tubercle of a rib.

Figure 7. Thoracic Vertebrae. A typical thoracic vertebra is distinguished by the spinous process, which is
long and projects downward to overlap the next inferior vertebra. It also has articulation sites (facets) on
the vertebral body and a transverse process for rib attachment.
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Figure 8. Rib Articulation in Thoracic Vertebrae. Thoracic vertebrae have superior and
inferior articular facets on the vertebral body for articulation with the head of a rib, and a
transverse process facet for articulation with the rib tubercle.

Lumbar Vertebrae
Lumbar vertebrae carry the greatest amount of body weight and are thus characterized by the large size and
thickness of the vertebral body (Figure 9). They have short transverse processes and a short, blunt spinous process
that projects posteriorly. The articular processes are large, with the superior process facing backward and the inferior
facing forward.

Figure 9. Lumbar Vertebrae. Lumbar vertebrae are characterized by having a large,
thick body and a short, rounded spinous process.
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Sacrum and Coccyx
The sacrum is a triangular-shaped bone that is thick and wide across its superior base where it is weight bearing
and then tapers down to an inferior, non-weight bearing apex (Figure 10). It is formed by the fusion of five sacral
vertebrae, a process that does not begin until after the age of 20. On the anterior surface of the older adult sacrum, the
lines of vertebral fusion can be seen as four transverse ridges. On the posterior surface, running down the midline,
is the median sacral crest, a bumpy ridge that is the remnant of the fused spinous processes (median = “midline”;
while medial = “toward, but not necessarily at, the midline”). Similarly, the fused transverse processes of the sacral
vertebrae form the lateral sacral crest.
The sacral promontory is the anterior lip of the superior base of the sacrum. Lateral to this is the roughened
auricular surface, which joins with the ilium portion of the hipbone to form the immobile sacroiliac joints of the
pelvis. Passing inferiorly through the sacrum is a bony tunnel called the sacral canal, which terminates at the sacral
hiatus near the inferior tip of the sacrum. The anterior and posterior surfaces of the sacrum have a series of paired
openings called sacral foramina (singular = foramen) that connect to the sacral canal. Each of these openings is called
a posterior (dorsal) sacral foramen or anterior (ventral) sacral foramen. These openings allow for the anterior and
posterior branches of the sacral spinal nerves to exit the sacrum. The superior articular process of the sacrum, one
of which is found on either side of the superior opening of the sacral canal, articulates with the inferior articular
processes from the L5 vertebra.
The coccyx, or tailbone, is derived from the fusion of four very small coccygeal vertebrae (see Figure 10). It
articulates with the inferior tip of the sacrum. It is not weight bearing in the standing position, but may receive some
body weight when sitting.

Figure 10. Sacrum and Coccyx. The sacrum is formed from the fusion of five sacral vertebrae, whose lines of fusion are indicated
by the transverse ridges. The fused spinous processes form the median sacral crest, while the lateral sacral crest arises from the
fused transverse processes. The coccyx is formed by the fusion of four small coccygeal vertebrae.

Intervertebral Discs and Ligaments of the Vertebral Column
The bodies of adjacent vertebrae are strongly anchored to each other by an intervertebral disc. This structure provides
padding between the bones during weight bearing, and because it can change shape, also allows for movement
between the vertebrae. Although the total amount of movement available between any two adjacent vertebrae is
small, when these movements are summed together along the entire length of the vertebral column, large body
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movements can be produced. Ligaments that extend along the length of the vertebral column also contribute to its
overall support and stability.

Intervertebral Disc
An intervertebral disc is a fibrocartilaginous pad that fills the gap between adjacent vertebral bodies (see Figure
5). Each disc is anchored to the bodies of its adjacent vertebrae, thus strongly uniting these. The discs also provide
padding between vertebrae during weight bearing. Because of this, intervertebral discs are thin in the cervical region
and thickest in the lumbar region, which carries the most body weight. In total, the intervertebral discs account for
approximately 25 percent of your body height between the top of the pelvis and the base of the skull. Intervertebral
discs are also flexible and can change shape to allow for movements of the vertebral column.
Each intervertebral disc consists of two parts. The anulus fibrosus is the tough, fibrous outer layer of the disc. It
forms a circle (anulus = “ring” or “circle”) and is firmly anchored to the outer margins of the adjacent vertebral bodies.
Inside is the nucleus pulposus, consisting of a softer, more gel-like material. It has a high water content that serves to
resist compression and thus is important for weight bearing. With increasing age, the water content of the nucleus
pulposus gradually declines. This causes the disc to become thinner, decreasing total body height somewhat, and
reduces the flexibility and range of motion of the disc, making bending more difficult.
The gel-like nature of the nucleus pulposus also allows the intervertebral disc to change shape as one vertebra
rocks side to side or forward and back in relation to its neighbors during movements of the vertebral column.
Thus, bending forward causes compression of the anterior portion of the disc but expansion of the posterior disc.
If the posterior anulus fibrosus is weakened due to injury or increasing age, the pressure exerted on the disc when
bending forward and lifting a heavy object can cause the nucleus pulposus to protrude posteriorly through the anulus
fibrosus, resulting in a herniated disc (“ruptured” or “slipped” disc) (Figure 11). The posterior bulging of the nucleus
pulposus can cause compression of a spinal nerve at the point where it exits through the intervertebral foramen, with
resulting pain and/or muscle weakness in those body regions supplied by that nerve. The most common sites for disc
herniation are the L4/L5 or L5/S1 intervertebral discs, which can cause sciatica, a widespread pain that radiates from
the lower back down the thigh and into the leg. Similar injuries of the C5/C6 or C6/C7 intervertebral discs, following
forcible hyperflexion of the neck from a collision accident or football injury, can produce pain in the neck, shoulder,
and upper limb.

Figure 11. Herniated Intervertebral Disc. Weakening of the anulus fibrosus can result in herniation
(protrusion) of the nucleus pulposus and compression of a spinal nerve, resulting in pain and/or muscle
weakness in the body regions supplied by that nerve.
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Watch this animation to see
what it means to “slip” a
disk. Watch this second
animation to see one
possible treatment for a
herniated disc, removing
and replacing the damaged
disc with an artificial one
that allows for movement
between the adjacent
certebrae.

Watch this animation to see what it means to “slip” a disk. Watch this second animation to see one possible treatment
for a herniated disc, removing and replacing the damaged disc with an artificial one that allows for movement
between the adjacent certebrae. How could lifting a heavy object produce pain in a lower limb?

Ligaments of the Vertebral Column
Adjacent vertebrae are united by ligaments that run the length of the vertebral column along both its posterior and
anterior aspects (Figure 12). These serve to resist excess forward or backward bending movements of the vertebral
column, respectively.
The anterior longitudinal ligament runs down the anterior side of the entire vertebral column, uniting the
vertebral bodies. It serves to resist excess backward bending of the vertebral column. Protection against this
movement is particularly important in the neck, where extreme posterior bending of the head and neck can stretch
or tear this ligament, resulting in a painful whiplash injury. Prior to the mandatory installation of seat headrests,
whiplash injuries were common for passengers involved in a rear-end automobile collision.
The supraspinous ligament is located on the posterior side of the vertebral column, where it interconnects the
spinous processes of the thoracic and lumbar vertebrae. This strong ligament supports the vertebral column during
forward bending motions. In the posterior neck, where the cervical spinous processes are short, the supraspinous
ligament expands to become the nuchal ligament (nuchae = “nape” or “back of the neck”). The nuchal ligament is
attached to the cervical spinous processes and extends upward and posteriorly to attach to the midline base of the
skull, out to the external occipital protuberance. It supports the skull and prevents it from falling forward. This
ligament is much larger and stronger in four-legged animals such as cows, where the large skull hangs off the front
end of the vertebral column. You can easily feel this ligament by first extending your head backward and pressing
down on the posterior midline of your neck. Then tilt your head forward and you will fill the nuchal ligament popping
out as it tightens to limit anterior bending of the head and neck.
Additional ligaments are located inside the vertebral canal, next to the spinal cord, along the length of the vertebral
column. The posterior longitudinal ligament is found anterior to the spinal cord, where it is attached to the posterior
sides of the vertebral bodies. Posterior to the spinal cord is the ligamentum flavum (“yellow ligament”). This consists
of a series of short, paired ligaments, each of which interconnects the lamina regions of adjacent vertebrae. The
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ligamentum flavum has large numbers of elastic fibers, which have a yellowish color, allowing it to stretch and then
pull back. Both of these ligaments provide important support for the vertebral column when bending forward.

Figure 12. Ligaments of Vertebral Column. The anterior longitudinal
ligament runs the length of the vertebral column, uniting the anterior
sides of the vertebral bodies. The supraspinous ligament connects the
spinous processes of the thoracic and lumbar vertebrae. In the posterior
neck, the supraspinous ligament enlarges to form the nuchal ligament,
which attaches to the cervical spinous processes and to the base of the
skull.

Use this tool to identify the
bones, intervertebral discs,
and ligaments of the
vertebral column.

Use this tool to identify the bones, intervertebral discs, and ligaments of the vertebral column. The thickest portions
of the anterior longitudinal ligament and the supraspinous ligament are found in which regions of the vertebral
column?
Career Connections
Chiropractor
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Chiropractors are health professionals who use nonsurgical techniques to help patients with musculoskeletal system
problems that involve the bones, muscles, ligaments, tendons, or nervous system. They treat problems such as neck
pain, back pain, joint pain, or headaches. Chiropractors focus on the patient’s overall health and can also provide
counseling related to lifestyle issues, such as diet, exercise, or sleep problems. If needed, they will refer the patient to
other medical specialists.
Chiropractors use a drug-free, hands-on approach for patient diagnosis and treatment. They will perform a
physical exam, assess the patient’s posture and spine, and may perform additional diagnostic tests, including taking
X-ray images. They primarily use manual techniques, such as spinal manipulation, to adjust the patient’s spine
or other joints. They can recommend therapeutic or rehabilitative exercises, and some also include acupuncture,
massage therapy, or ultrasound as part of the treatment program. In addition to those in general practice, some
chiropractors specialize in sport injuries, neurology, orthopaedics, pediatrics, nutrition, internal disorders, or
diagnostic imaging.
To become a chiropractor, students must have 3–4 years of undergraduate education, attend an accredited, fouryear Doctor of Chiropractic (D.C.) degree program, and pass a licensure examination to be licensed for practice in
their state. With the aging of the baby-boom generation, employment for chiropractors is expected to increase.

Chapter Review
The vertebral column forms the neck and back. The vertebral column originally develops as 33 vertebrae, but is
eventually reduced to 24 vertebrae, plus the sacrum and coccyx. The vertebrae are divided into the cervical region
(C1–C7 vertebrae), the thoracic region (T1–T12 vertebrae), and the lumbar region (L1–L5 vertebrae). The sacrum
arises from the fusion of five sacral vertebrae and the coccyx from the fusion of four small coccygeal vertebrae. The
vertebral column has four curvatures, the cervical, thoracic, lumbar, and sacrococcygeal curves. The thoracic and
sacrococcygeal curves are primary curves retained from the original fetal curvature. The cervical and lumbar curves
develop after birth and thus are secondary curves. The cervical curve develops as the infant begins to hold up the
head, and the lumbar curve appears with standing and walking.
A typical vertebra consists of an enlarged anterior portion called the body, which provides weight-bearing support.
Attached posteriorly to the body is a vertebral arch, which surrounds and defines the vertebral foramen for passage of
the spinal cord. The vertebral arch consists of the pedicles, which attach to the vertebral body, and the laminae, which
come together to form the roof of the arch. Arising from the vertebral arch are the laterally projecting transverse
processes and the posteriorly oriented spinous process. The superior articular processes project upward, where they
articulate with the downward projecting inferior articular processes of the next higher vertebrae.
A typical cervical vertebra has a small body, a bifid (Y-shaped) spinous process, and U-shaped transverse processes
with a transverse foramen. In addition to these characteristics, the axis (C2 vertebra) also has the dens projecting
upward from the vertebral body. The atlas (C1 vertebra) differs from the other cervical vertebrae in that it does not
have a body, but instead consists of bony ring formed by the anterior and posterior arches. The atlas articulates
with the dens from the axis. A typical thoracic vertebra is distinguished by its long, downward projecting spinous
process. Thoracic vertebrae also have articulation facets on the body and transverse processes for attachment of the
ribs. Lumbar vertebrae support the greatest amount of body weight and thus have a large, thick body. They also
have a short, blunt spinous process. The sacrum is triangular in shape. The median sacral crest is formed by the
fused vertebral spinous processes and the lateral sacral crest is derived from the fused transverse processes. Anterior
(ventral) and posterior (dorsal) sacral foramina allow branches of the sacral spinal nerves to exit the sacrum. The
auricular surfaces are articulation sites on the lateral sacrum that anchor the sacrum to the hipbones to form the
pelvis. The coccyx is small and derived from the fusion of four small vertebrae.
The intervertebral discs fill in the gaps between the bodies of adjacent vertebrae. They provide strong attachments
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and padding between the vertebrae. The outer, fibrous layer of a disc is called the anulus fibrosus. The gel-like interior
is called the nucleus pulposus. The disc can change shape to allow for movement between vertebrae. If the anulus
fibrosus is weakened or damaged, the nucleus pulposus can protrude outward, resulting in a herniated disc.
The anterior longitudinal ligament runs along the full length of the anterior vertebral column, uniting the vertebral
bodies. The supraspinous ligament is located posteriorly and interconnects the spinous processes of the thoracic and
lumbar vertebrae. In the neck, this ligament expands to become the nuchal ligament. The nuchal ligament is attached
to the cervical spinous processes and superiorly to the base of the skull, out to the external occipital protuberance. The
posterior longitudinal ligament runs within the vertebral canal and unites the posterior sides of the vertebral bodies.
The ligamentum flavum unites the lamina of adjacent vertebrae.

Interactive Link Questions
Osteoporosis is a common age-related bone disease in which bone density and strength is decreased. Watch this
video to get a better understanding of how thoracic vertebrae may become weakened and may fractured due to this
disease. How may vertebral osteoporosis contribute to kyphosis?
Osteoporosis causes thinning and weakening of the vertebral bodies. When this occurs in thoracic vertebrae, the
bodies may collapse producing kyphosis, an enhanced anterior curvature of the thoracic vertebral column.
Watch this animation to see what it means to “slip” a disk. Watch this second animation to see one possible treatment
for a herniated disc, removing and replacing the damaged disc with an artificial one that allows for movement
between the adjacent certebrae. How could lifting a heavy object produce pain in a lower limb?
Lifting a heavy object can cause an intervertebral disc in the lower back to bulge and compress a spinal nerve as it
exits through the intervertebral foramen, thus producing pain in those regions of the lower limb supplied by that
nerve.
Use this tool to identify the bones, intervertebral discs, and ligaments of the vertebral column. The thickest portions
of the anterior longitudinal ligament and the supraspinous ligament are found in which regions of the vertebral
column?
The anterior longitudinal ligament is thickest in the thoracic region of the vertebral column, while the supraspinous
ligament is thickest in the lumbar region.

Review Questions
1. The cervical region of the vertebral column consists of ________.

A. seven vertebrae
B. 12 vertebrae
C. five vertebrae
D. a single bone derived from the fusion of five vertebrae
2. The primary curvatures of the vertebral column ________.

A. include the lumbar curve
B. are remnants of the original fetal curvature
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C. include the cervical curve
D. develop after the time of birth
3. A typical vertebra has ________.

A. a vertebral foramen that passes through the body
B. a superior articular process that projects downward to articulate with the superior portion of the next lower vertebra
C. lamina that spans between the transverse process and spinous process
D. a pair of laterally projecting spinous processes
4. A typical lumbar vertebra has ________.

A. a short, rounded spinous process
B. a bifid spinous process
C. articulation sites for ribs
D. a transverse foramen
5. Which is found only in the cervical region of the vertebral column?

A. nuchal ligament
B. ligamentum flavum
C. supraspinous ligament
D. anterior longitudinal ligament

Critical Thinking Questions
1. Describe the vertebral column and define each region.

2. Describe a typical vertebra.

3. Describe the sacrum.

4. Describe the structure and function of an intervertebral disc.

5. Define the ligaments of the vertebral column.

188 | LAYCI HARRISON

Glossary
anterior arch
anterior portion of the ring-like C1 (atlas) vertebra
anterior longitudinal ligament
ligament that runs the length of the vertebral column, uniting the anterior aspects of the vertebral bodies
anterior (ventral) sacral foramen
one of the series of paired openings located on the anterior (ventral) side of the sacrum
anulus fibrosus
tough, fibrous outer portion of an intervertebral disc, which is strongly anchored to the bodies of the adjacent
vertebrae
atlas
first cervical (C1) vertebra
axis
second cervical (C2) vertebra
cervical curve
posteriorly concave curvature of the cervical vertebral column region; a secondary curve of the vertebral
column
cervical vertebrae
seven vertebrae numbered as C1–C7 that are located in the neck region of the vertebral column
costal facet
site on the lateral sides of a thoracic vertebra for articulation with the head of a rib
dens
bony projection (odontoid process) that extends upward from the body of the C2 (axis) vertebra
facet
small, flattened area on a bone for an articulation (joint) with another bone, or for muscle attachment
inferior articular process
bony process that extends downward from the vertebral arch of a vertebra that articulates with the superior
articular process of the next lower vertebra
intervertebral disc
structure located between the bodies of adjacent vertebrae that strongly joins the vertebrae; provides padding,
weight bearing ability, and enables vertebral column movements
intervertebral foramen
opening located between adjacent vertebrae for exit of a spinal nerve
kyphosis
(also, humpback or hunchback) excessive posterior curvature of the thoracic vertebral column region
lamina
portion of the vertebral arch on each vertebra that extends between the transverse and spinous process
lateral sacral crest
paired irregular ridges running down the lateral sides of the posterior sacrum that was formed by the fusion of
the transverse processes from the five sacral vertebrae
ligamentum flavum
series of short ligaments that unite the lamina of adjacent vertebrae
lordosis
(also, swayback) excessive anterior curvature of the lumbar vertebral column region
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lumbar curve
posteriorly concave curvature of the lumbar vertebral column region; a secondary curve of the vertebral column
lumbar vertebrae
five vertebrae numbered as L1–L5 that are located in lumbar region (lower back) of the vertebral column
median sacral crest
irregular ridge running down the midline of the posterior sacrum that was formed from the fusion of the
spinous processes of the five sacral vertebrae
nuchal ligament
expanded portion of the supraspinous ligament within the posterior neck; interconnects the spinous processes
of the cervical vertebrae and attaches to the base of the skull
nucleus pulposus
gel-like central region of an intervertebral disc; provides for padding, weight-bearing, and movement between
adjacent vertebrae
pedicle
portion of the vertebral arch that extends from the vertebral body to the transverse process
posterior arch
posterior portion of the ring-like C1 (atlas) vertebra
posterior longitudinal ligament
ligament that runs the length of the vertebral column, uniting the posterior sides of the vertebral bodies
posterior (dorsal) sacral foramen
one of the series of paired openings located on the posterior (dorsal) side of the sacrum
primary curve
anteriorly concave curvatures of the thoracic and sacrococcygeal regions that are retained from the original
fetal curvature of the vertebral column
sacral canal
bony tunnel that runs through the sacrum
sacral foramina
series of paired openings for nerve exit located on both the anterior (ventral) and posterior (dorsal) aspects of
the sacrum
sacral hiatus
inferior opening and termination of the sacral canal
sacral promontory
anterior lip of the base (superior end) of the sacrum
sacrococcygeal curve
anteriorly concave curvature formed by the sacrum and coccyx; a primary curve of the vertebral column
scoliosis
abnormal lateral curvature of the vertebral column
secondary curve
posteriorly concave curvatures of the cervical and lumbar regions of the vertebral column that develop after the
time of birth
spinous process
unpaired bony process that extends posteriorly from the vertebral arch of a vertebra
superior articular process
bony process that extends upward from the vertebral arch of a vertebra that articulates with the inferior
articular process of the next higher vertebra
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superior articular process of the sacrum
paired processes that extend upward from the sacrum to articulate (join) with the inferior articular processes
from the L5 vertebra
supraspinous ligament
ligament that interconnects the spinous processes of the thoracic and lumbar vertebrae
thoracic curve
anteriorly concave curvature of the thoracic vertebral column region; a primary curve of the vertebral column
thoracic vertebrae
twelve vertebrae numbered as T1–T12 that are located in the thoracic region (upper back) of the vertebral
column
transverse foramen
opening found only in the transverse processes of cervical vertebrae
transverse process
paired bony processes that extends laterally from the vertebral arch of a vertebra
vertebral arch
bony arch formed by the posterior portion of each vertebra that surrounds and protects the spinal cord
vertebral (spinal) canal
bony passageway within the vertebral column for the spinal cord that is formed by the series of individual
vertebral foramina
vertebral foramen
opening associated with each vertebra defined by the vertebral arch that provides passage for the spinal cord

Solutions
Answers for Review Questions

1. A
2. B
3. C
4. A
5. A
Answers for Critical Thinking Questions

1. Answer: The adult vertebral column consists of 24 vertebrae, plus the sacrum and coccyx. The vertebrae are subdivided into cervical,
thoracic, and lumbar regions. There are seven cervical vertebrae (C1–C7), 12 thoracic vertebrae (T1–T12), and five lumbar vertebrae
(L1–L5). The sacrum is derived from the fusion of five sacral vertebrae and the coccyx is formed by the fusion of four small coccygeal
vertebrae.
2. A typical vertebra consists of an anterior body and a posterior vertebral arch. The body serves for weight bearing. The vertebral arch
surrounds and protects the spinal cord. The vertebral arch is formed by the pedicles, which are attached to the posterior side of the
vertebral body, and the lamina, which come together to form the top of the arch. A pair of transverse processes extends laterally
from the vertebral arch, at the junction between each pedicle and lamina. The spinous process extends posteriorly from the top of
the arch. A pair of superior articular processes project upward and a pair of inferior articular processes project downward. Together,
the notches found in the margins of the pedicles of adjacent vertebrae form an intervertebral foramen.
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3. The sacrum is a single, triangular-shaped bone formed by the fusion of five sacral vertebrae. On the posterior sacrum, the median
sacral crest is derived from the fused spinous processes, and the lateral sacral crest results from the fused transverse processes. The
sacral canal contains the sacral spinal nerves, which exit via the anterior (ventral) and posterior (dorsal) sacral foramina. The sacral
promontory is the anterior lip. The sacrum also forms the posterior portion of the pelvis.
4. An intervertebral disc fills in the space between adjacent vertebrae, where it provides padding and weight-bearing ability, and
allows for movements between the vertebrae. It consists of an outer anulus fibrosus and an inner nucleus pulposus. The anulus
fibrosus strongly anchors the adjacent vertebrae to each other, and the high water content of the nucleus pulposus resists
compression for weight bearing and can change shape to allow for vertebral column movements.
5. The anterior longitudinal ligament is attached to the vertebral bodies on the anterior side of the vertebral column. The supraspinous
ligament is located on the posterior side, where it interconnects the thoracic and lumbar spinous processes. In the posterior neck,
this ligament expands to become the nuchal ligament, which attaches to the cervical spinous processes and the base of the skull.
The posterior longitudinal ligament and ligamentum flavum are located inside the vertebral canal. The posterior longitudinal
ligament unites the posterior sides of the vertebral bodies. The ligamentum flavum unites the lamina of adjacent vertebrae.
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16

Axial Muscles of the Head, Neck, and Back

Learning Objectives
By the end of this section, you will be able to:

• Identify the axial muscles of the face, head, and neck
• Identify the movement and function of the face, head, and neck muscles

The skeletal muscles are divided into axial (muscles of the trunk and head) and appendicular (muscles of the arms
and legs) categories. This system reflects the bones of the skeleton system, which are also arranged in this manner.
The axial muscles are grouped based on location, function, or both. Some of the axial muscles may seem to blur the
boundaries because they cross over to the appendicular skeleton. The first grouping of the axial muscles you will
review includes the muscles of the head and neck, then you will review the muscles of the vertebral column, and
finally you will review the oblique and rectus muscles.

Muscles That Create Facial Expression
The origins of the muscles of facial expression are on the surface of the skull (remember, the origin of a muscle
does not move). The insertions of these muscles have fibers intertwined with connective tissue and the dermis of the
skin. Because the muscles insert in the skin rather than on bone, when they contract, the skin moves to create facial
expression (Figure 1).
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Figure 1. Muscles of Facial Expression. Many of the muscles of facial expression insert into the skin surrounding the
eyelids, nose and mouth, producing facial expressions by moving the skin rather than bones.

The orbicularis oris is a circular muscle that moves the lips, and the orbicularis oculi is a circular muscle that closes
the eye. The occipitofrontalis muscle moves up the scalp and eyebrows. The muscle has a frontal belly and an occipital
(near the occipital bone on the posterior part of the skull) belly. In other words, there is a muscle on the forehead
(frontalis) and one on the back of the head (occipitalis), but there is no muscle across the top of the head. Instead, the
two bellies are connected by a broad tendon called the epicranial aponeurosis, or galea aponeurosis (galea = “apple”).
The physicians originally studying human anatomy thought the skull looked like an apple.
The majority of the face is composed of the buccinator muscle, which compresses the cheek. This muscle allows
you to whistle, blow, and suck; and it contributes to the action of chewing. There are several small facial muscles, one
of which is the corrugator supercilii, which is the prime mover of the eyebrows. Place your finger on your eyebrows
at the point of the bridge of the nose. Raise your eyebrows as if you were surprised and lower your eyebrows as if
you were frowning. With these movements, you can feel the action of the corrugator supercilli. Additional muscles of
facial expression are presented in Figure 2.
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Figure 2. Muscles in Facial Expression

Muscles That Move the Eyes
The movement of the eyeball is under the control of the extrinsic eye muscles, which originate outside the eye and
insert onto the outer surface of the white of the eye. These muscles are located inside the eye socket and cannot be
seen on any part of the visible eyeball (Figure 3 and Table 3). If you have ever been to a doctor who held up a finger
and asked you to follow it up, down, and to both sides, he or she is checking to make sure your eye muscles are acting
in a coordinated pattern.
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Figure 3. Muscles of the Eyes. (a) The extrinsic eye muscles originate outside of the eye on the skull. (b) Each muscle inserts
onto the eyeball.

Muscles of the Eyes (Table 3)
Movement

Target

Target motion
direction

Prime
mover

Origin

Insertion

Moves eyes up and toward nose;
rotates eyes from 1 o’clock to 3 o’clock

Eyeballs

Superior (elevates);
medial (adducts)

Superior
rectus

Common tendinous ring
(ring attaches to optic
foramen)

Superior surface of eyeball

Moves eyes down and toward nose;
rotates eyes from 6 o’clock to 3 o’clock

Eyeballs

Inferior
(depresses); medial
(adducts)

Inferior
rectus

Common tendinous ring
(ring attaches to optic
foramen)

Inferior surface of eyeball

Moves eyes away from nose

Eyeballs

Lateral (abducts)

Lateral
rectus

Common tendinous ring
(ring attaches to optic
foramen)

Lateral surface of eyeball

Moves eyes toward nose

Eyeballs

Medial (adducts)

Medial
rectus

Common tendinous ring
(ring attaches to optic
foramen)

Medial surface of eyeball

Moves eyes up and away from nose;
rotates eyeball from 12 o’clock to 9
o’clock

Eyeballs

Superior (elevates);
lateral (abducts)

Inferior
oblique

Floor of orbit (maxilla)

Surface of eyeball between
inferior rectus and lateral
rectus

Moves eyes down and away from nose;
rotates eyeball from 6 o’clock to 9
o’clock

Eyeballs

Superior (elevates);
lateral (abducts)

Superior
oblique

Sphenoid bone

Suface of eyeball between
superior rectus and lateral
rectus

Opens eyes

Upper
eyelid

Superior (elevates)

Levator
palpabrae
superioris

Roof of orbit (sphenoid
bone)

Skin of upper eyelids

Closes eyelids

Eyelid
skin

Compression along
superior–inferior
axis

Orbicularis
oculi

Medial bones composing
the orbit

Circumference of orbit

Muscles That Move the Lower Jaw
In anatomical terminology, chewing is called mastication. Muscles involved in chewing must be able to exert enough
pressure to bite through and then chew food before it is swallowed (Figure 4 and Table 4). The masseter muscle is the
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main muscle used for chewing because it elevates the mandible (lower jaw) to close the mouth, and it is assisted by
the temporalis muscle, which retracts the mandible. You can feel the temporalis move by putting your fingers to your
temple as you chew.

Figure 4. Muscles That Move the Lower Jaw. The muscles that move the lower jaw are typically located within the
cheek and originate from processes in the skull. This provides the jaw muscles with the large amount of leverage
needed for chewing.

Muscles of the Lower Jaw (Table 4)
Movement

Target

Target motion direction

Prime
mover

Origin

Insertion

Closes mouth; aids chewing

Mandible

Superior (elevates)

Masseter

Maxilla arch;
zygomatic arch (for
masseter)

Mandible

Closes mouth; pulls lower jaw in under
upper jaw

Mandible

Superior (elevates); posterior
(retracts)

Temporalis

Temporal bone

Mandible

Opens mouth; pushes lower jaw out
under upper jaw; moves lower jaw
side-to-side

Mandible

Inferior (depresses); posterior
(protracts); lateral (abducts);
medial (adducts)

Lateral
pterygoid

Pterygoid process
of sphenoid bone

Mandible

Closes mouth; pushes lower jaw out
under upper jaw; moves lower jaw
side-to-side

Mandible

Superior (elevates); posterior
(protracts); lateral (abducts);
medial (adducts)

Medial
pterygoid

Sphenoid bone;
maxilla

Mandible;
temporo-mandibular
joint

Although the masseter and temporalis are responsible for elevating and closing the jaw to break food into digestible
pieces, the medial pterygoid and lateral pterygoid muscles provide assistance in chewing and moving food within
the mouth.

Muscles That Move the Tongue
Although the tongue is obviously important for tasting food, it is also necessary for mastication, deglutition
(swallowing), and speech (Figure 5 and Figure 6). Because it is so moveable, the tongue facilitates complex speech
patterns and sounds.
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Figure 5. Muscles that Move the Tongue
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Figure 6. Muscles for Tongue Movement, Swallowing, and Speech

Tongue muscles can be extrinsic or intrinsic. Extrinsic tongue muscles insert into the tongue from outside origins,
and the intrinsic tongue muscles insert into the tongue from origins within it. The extrinsic muscles move the whole
tongue in different directions, whereas the intrinsic muscles allow the tongue to change its shape (such as, curling
the tongue in a loop or flattening it).
The extrinsic muscles all include the word root glossus (glossus = “tongue”), and the muscle names are derived
from where the muscle originates. The genioglossus (genio = “chin”) originates on the mandible and allows the
tongue to move downward and forward. The styloglossus originates on the styloid bone, and allows upward and
backward motion. The palatoglossus originates on the soft palate to elevate the back of the tongue, and the
hyoglossus originates on the hyoid bone to move the tongue downward and flatten it.
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Everyday Connections
Anesthesia and the Tongue Muscles
Before surgery, a patient must be made ready for general anesthesia. The normal homeostatic controls of the body
are put “on hold” so that the patient can be prepped for surgery. Control of respiration must be switched from the
patient’s homeostatic control to the control of the anesthesiologist. The drugs used for anesthesia relax a majority of
the body’s muscles.
Among the muscles affected during general anesthesia are those that are necessary for breathing and moving the
tongue. Under anesthesia, the tongue can relax and partially or fully block the airway, and the muscles of respiration
may not move the diaphragm or chest wall. To avoid possible complications, the safest procedure to use on a patient
is called endotracheal intubation. Placing a tube into the trachea allows the doctors to maintain a patient’s (open)
airway to the lungs and seal the airway off from the oropharynx. Post-surgery, the anesthesiologist gradually changes
the mixture of the gases that keep the patient unconscious, and when the muscles of respiration begin to function,
the tube is removed. It still takes about 30 minutes for a patient to wake up, and for breathing muscles to regain
control of respiration. After surgery, most people have a sore or scratchy throat for a few days.

Muscles of the Anterior Neck
The muscles of the anterior neck assist in deglutition (swallowing) and speech by controlling the positions of the
larynx (voice box), and the hyoid bone, a horseshoe-shaped bone that functions as a solid foundation on which the
tongue can move. The muscles of the neck are categorized according to their position relative to the hyoid bone
(Figure 7). Suprahyoid muscles are superior to it, and the infrahyoid muscles are located inferiorly.

Figure 7. Muscles of the Anterior Neck. The anterior muscles of the neck facilitate swallowing and
speech. The suprahyoid muscles originate from above the hyoid bone in the chin region. The
infrahyoid muscles originate below the hyoid bone in the lower neck.

The suprahyoid muscles raise the hyoid bone, the floor of the mouth, and the larynx during deglutition. These include
the digastric muscle, which has anterior and posterior bellies that work to elevate the hyoid bone and larynx when
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one swallows; it also depresses the mandible. The stylohyoid muscle moves the hyoid bone posteriorly, elevating
the larynx, and the mylohyoid muscle lifts it and helps press the tongue to the top of the mouth. The geniohyoid
depresses the mandible in addition to raising and pulling the hyoid bone anteriorly.
The strap-like infrahyoid muscles generally depress the hyoid bone and control the position of the larynx. The
omohyoid muscle, which has superior and inferior bellies, depresses the hyoid bone in conjunction with the
sternohyoid and thyrohyoid muscles. The thyrohyoid muscle also elevates the larynx’s thyroid cartilage, whereas the
sternothyroid depresses it to create different tones of voice.

Muscles That Move the Head
The head, attached to the top of the vertebral column, is balanced, moved, and rotated by the neck muscles (Table 5).
When these muscles act unilaterally, the head rotates. When they contract bilaterally, the head flexes or extends. The
major muscle that laterally flexes and rotates the head is the sternocleidomastoid. In addition, both muscles working
together are the flexors of the head. Place your fingers on both sides of the neck and turn your head to the left and
to the right. You will feel the movement originate there. This muscle divides the neck into anterior and posterior
triangles when viewed from the side (Figure 8).

Figure 8. Posterior and Lateral Views of the Neck. The superficial and deep muscles of the neck are responsible for moving the head, cervical vertebrae,
and scapulas.

Muscles That Move the Head (Table 5)
Movement

Target

Target motion direction

Prime mover

Origin

Insertion

Rotates and tilts head
to the side; tilts head
forward

Skull;
vertebrae

Individually: rotates head to
opposite side; bilaterally: flexion

Sternocleidomastoid

Sternum; clavicle

Temporal bone
(mastoid process);
occipital bone

Rotates and tilts head
backward

Skull;
vertebrae

Individually: laterally flexes and
rotates head to same side;
bilaterally: extension

Semispinalis capitis

Transverse and articular
processes of cervical and
thoracic vertebra

Occipital bone

Rotates and tilts head
to the side; tilts head
backward

Skull;
vertebrae

Individually: laterally flexes and
rotates head to same side;
bilaterally: extension

Splenius capitis

Spinous processes of
cervical and thoracic
vertebra

Temporal bone
(mastoid process);
occipital bone

Rotates and tilts head
to the side; tilts head
backward

Skull;
vertebrae

Individually: laterally flexes and
rotates head to same side;
bilaterally: extension

Longissimus capitis

Transverse and articular
processes of cervical and
thoracic vertebra

Temporal bone
(mastoid process)
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Muscles of the Posterior Neck and the Back
The posterior muscles of the neck are primarily concerned with head movements, like extension. The back muscles
stabilize and move the vertebral column, and are grouped according to the lengths and direction of the fascicles.
The splenius muscles originate at the midline and run laterally and superiorly to their insertions. From the sides
and the back of the neck, the splenius capitis inserts onto the head region, and the splenius cervicis extends onto the
cervical region. These muscles can extend the head, laterally flex it, and rotate it (Figure 9).

Figure 9. Muscles of the Neck and Back. The large, complex muscles of the neck and back move the head, shoulders, and
vertebral column.

The erector spinae group forms the majority of the muscle mass of the back and it is the primary extensor of the
vertebral column. It controls flexion, lateral flexion, and rotation of the vertebral column, and maintains the lumbar
curve. The erector spinae comprises the iliocostalis (laterally placed) group, the longissimus (intermediately placed)
group, and the spinalis (medially placed) group.
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The iliocostalis group includes the iliocostalis cervicis, associated with the cervical region; the iliocostalis
thoracis, associated with the thoracic region; and the iliocostalis lumborum, associated with the lumbar region. The
three muscles of the longissimus group are the longissimus capitis, associated with the head region; the longissimus
cervicis, associated with the cervical region; and the longissimus thoracis, associated with the thoracic region. The
third group, the spinalis group, comprises the spinalis capitis (head region), the spinalis cervicis (cervical region),
and the spinalis thoracis (thoracic region).
The transversospinales muscles run from the transverse processes to the spinous processes of the vertebrae.
Similar to the erector spinae muscles, the semispinalis muscles in this group are named for the areas of the body with
which they are associated. The semispinalis muscles include the semispinalis capitis, the semispinalis cervicis, and
the semispinalis thoracis. The multifidus muscle of the lumbar region helps extend and laterally flex the vertebral
column.
Important in the stabilization of the vertebral column is the segmental muscle group, which includes the
interspinales and intertransversarii muscles. These muscles bring together the spinous and transverse processes of
each consecutive vertebra. Finally, the scalene muscles work together to flex, laterally flex, and rotate the head. They
also contribute to deep inhalation. The scalene muscles include the anterior scalene muscle (anterior to the middle
scalene), the middle scalene muscle (the longest, intermediate between the anterior and posterior scalenes), and the
posterior scalene muscle (the smallest, posterior to the middle scalene).

Chapter Review
Muscles are either axial muscles or appendicular. The axial muscles are grouped based on location, function, or both.
Some axial muscles cross over to the appendicular skeleton. The muscles of the head and neck are all axial. The
muscles in the face create facial expression by inserting into the skin rather than onto bone. Muscles that move the
eyeballs are extrinsic, meaning they originate outside of the eye and insert onto it. Tongue muscles are both extrinsic
and intrinsic. The genioglossus depresses the tongue and moves it anteriorly; the styloglossus lifts the tongue and
retracts it; the palatoglossus elevates the back of the tongue; and the hyoglossus depresses and flattens it. The muscles
of the anterior neck facilitate swallowing and speech, stabilize the hyoid bone and position the larynx. The muscles of
the neck stabilize and move the head. The sternocleidomastoid divides the neck into anterior and posterior triangles.
The muscles of the back and neck that move the vertebral column are complex, overlapping, and can be divided
into five groups. The splenius group includes the splenius capitis and the splenius cervicis. The erector spinae has
three subgroups. The iliocostalis group includes the iliocostalis cervicis, the iliocostalis thoracis, and the iliocostalis
lumborum. The longissimus group includes the longissimus capitis, the longissimus cervicis, and the longissimus
thoracis. The spinalis group includes the spinalis capitis, the spinalis cervicis, and the spinalis thoracis. The
transversospinales include the semispinalis capitis, semispinalis cervicis, semispinalis thoracis, multifidus, and
rotatores. The segmental muscles include the interspinales and intertransversarii. Finally, the scalenes include the
anterior scalene, middle scalene, and posterior scalene.

Review Questions
1. Which of the following is a prime mover in head flexion?

A. occipitofrontalis
B. corrugator supercilii
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C. sternocleidomastoid
D. masseter
2. Where is the inferior oblique muscle located?

A. in the abdomen
B. in the eye socket
C. in the anterior neck
D. in the face
3. What is the action of the masseter?

A. swallowing
B. chewing
C. moving the lips
D. closing the eye
4. The names of the extrinsic tongue muscles commonly end in ________.

A. -glottis
B. -glossus
C. -gluteus
D. -hyoid
5. What is the function of the erector spinae?

A. movement of the arms
B. stabilization of the pelvic girdle
C. postural support
D. rotating of the vertebral column

Critical Thinking Questions
1. Explain the difference between axial and appendicular muscles.

2. Describe the muscles of the anterior neck.

3. Why are the muscles of the face different from typical skeletal muscle?
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Glossary
anterior scalene
a muscle anterior to the middle scalene
appendicular
of the arms and legs
axial
of the trunk and head
buccinator
muscle that compresses the cheek
corrugator supercilii
prime mover of the eyebrows
deglutition
swallowing
digastric
muscle that has anterior and posterior bellies and elevates the hyoid bone and larynx when one swallows; it also
depresses the mandible
epicranial aponeurosis
(also, galea aponeurosis) flat broad tendon that connects the frontalis and occipitalis
erector spinae group
large muscle mass of the back; primary extensor of the vertebral column
extrinsic eye muscles
originate outside the eye and insert onto the outer surface of the white of the eye, and create eyeball movement
frontalis
front part of the occipitofrontalis muscle
genioglossus
muscle that originates on the mandible and allows the tongue to move downward and forward
geniohyoid
muscle that depresses the mandible, and raises and pulls the hyoid bone anteriorly
hyoglossus
muscle that originates on the hyoid bone to move the tongue downward and flatten it
iliocostalis cervicis
muscle of the iliocostalis group associated with the cervical region
iliocostalis group
laterally placed muscles of the erector spinae
iliocostalis lumborum
muscle of the iliocostalis group associated with the lumbar region
iliocostalis thoracis
muscle of the iliocostalis group associated with the thoracic region
infrahyoid muscles
anterior neck muscles that are attached to, and inferior to the hyoid bone
lateral pterygoid
muscle that moves the mandible from side to side
longissimus capitis
muscle of the longissimus group associated with the head region
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longissimus cervicis
muscle of the longissimus group associated with the cervical region
longissimus group
intermediately placed muscles of the erector spinae
longissimus thoracis
muscle of the longissimus group associated with the thoracic region
masseter
main muscle for chewing that elevates the mandible to close the mouth
mastication
chewing
medial pterygoid
muscle that moves the mandible from side to side
middle scalene
longest scalene muscle, located between the anterior and posterior scalenes
multifidus
muscle of the lumbar region that helps extend and laterally flex the vertebral column
mylohyoid
muscle that lifts the hyoid bone and helps press the tongue to the top of the mouth
occipitalis
posterior part of the occipitofrontalis muscle
occipitofrontalis
muscle that makes up the scalp with a frontal belly and an occipital belly
omohyoid
muscle that has superior and inferior bellies and depresses the hyoid bone
orbicularis oculi
circular muscle that closes the eye
orbicularis oris
circular muscle that moves the lips
palatoglossus
muscle that originates on the soft palate to elevate the back of the tongue
posterior scalene
smallest scalene muscle, located posterior to the middle scalene
scalene muscles
flex, laterally flex, and rotate the head; contribute to deep inhalation
segmental muscle group
interspinales and intertransversarii muscles that bring together the spinous and transverse processes of each
consecutive vertebra
semispinalis capitis
transversospinales muscle associated with the head region
semispinalis cervicis
transversospinales muscle associated with the cervical region
semispinalis thoracis
transversospinales muscle associated with the thoracic region
spinalis capitis
muscle of the spinalis group associated with the head region
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spinalis cervicis
muscle of the spinalis group associated with the cervical region
spinalis group
medially placed muscles of the erector spinae
spinalis thoracis
muscle of the spinalis group associated with the thoracic region
splenius
posterior neck muscles; includes the splenius capitis and splenius cervicis
splenius capitis
neck muscle that inserts into the head region
splenius cervicis
neck muscle that inserts into the cervical region
sternocleidomastoid
major muscle that laterally flexes and rotates the head
sternohyoid
muscle that depresses the hyoid bone
sternothyroid
muscle that depresses the larynx’s thyroid cartilage
styloglossus
muscle that originates on the styloid bone, and allows upward and backward motion of the tongue
stylohyoid
muscle that elevates the hyoid bone posteriorly
suprahyoid muscles
neck muscles that are superior to the hyoid bone
temporalis
muscle that retracts the mandible
thyrohyoid
muscle that depresses the hyoid bone and elevates the larynx’s thyroid cartilage
transversospinales
muscles that originate at the transverse processes and insert at the spinous processes of the vertebrae

Solutions
Answers for Review Questions

1. C
2. B
3. B
4. B
5. C
Answers for Critical Thinking Questions
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1. Axial muscles originate on the axial skeleton (the bones in the head, neck, and core of the body), whereas appendicular muscles
originate on the bones that make up the body’s limbs.
2. The muscles of the anterior neck are arranged to facilitate swallowing and speech. They work on the hyoid bone, with the
suprahyoid muscles pulling up and the infrahyoid muscles pulling down.
3. Most skeletal muscles create movement by actions on the skeleton. Facial muscles are different in that they create facial movements
and expressions by pulling on the skin—no bone movements are involved.
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17

Axial Muscles of the Abdominal Wall, and Thorax

Learning Objectives
By the end of this section, you will be able to:

• Identify the intrinsic skeletal muscles of the back and neck, and the skeletal muscles of the abdominal wall and thorax
• Identify the movement and function of the intrinsic skeletal muscles of the back and neck, and the skeletal muscles of the abdominal wall and
thorax

It is a complex job to balance the body on two feet and walk upright. The muscles of the vertebral column, thorax, and
abdominal wall extend, flex, and stabilize different parts of the body’s trunk. The deep muscles of the core of the body
help maintain posture as well as carry out other functions. The brain sends out electrical impulses to these various
muscle groups to control posture by alternate contraction and relaxation. This is necessary so that no single muscle
group becomes fatigued too quickly. If any one group fails to function, body posture will be compromised.

Muscles of the Abdomen
There are four pairs of abdominal muscles that cover the anterior and lateral abdominal region and meet at the
anterior midline. These muscles of the anterolateral abdominal wall can be divided into four groups: the external
obliques, the internal obliques, the transversus abdominis, and the rectus abdominis (Figure 1 and Table 6).
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Figure 1. Muscles of the Abdomen. (a) The anterior abdominal muscles include the medially located rectus abdominis,
which is covered by a sheet of connective tissue called the rectus sheath. On the flanks of the body, medial to the rectus
abdominis, the abdominal wall is composed of three layers. The external oblique muscles form the superficial layer, while
the internal oblique muscles form the middle layer, and the transverses abdominus forms the deepest layer. (b) The
muscles of the lower back move the lumbar spine but also assist in femur movements.
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Muscles of the Abdomen (Table 6)
Movement

Target

Target motion
direction

Prime mover

Origin

Insertion

Twisting at waist; also bending to the side

Vertebral
column

Supination;
lateral flexion

External obliques;
internal obliques

Ribs
5–12;
ilium

Ribs 7–10; linea
alba; ilium

Squeezing abdomen during forceful exhalations,
defecation, urination, and childbirth

Abdominal
cavity

Compression

Transversus
abdominus

Ilium;
ribs 5–10

Sternum; linea
alba; pubis

Sitting up

Vertebral
column

Flexion

Rectus abdominis

Pubis

Sternum; ribs 5
and 7

Bending to the side

Vertebral
column

Lateral flexion

Quadratus lumborum

Ilium;
ribs 5–10

Rib 12; vertebrae
L1–L4

There are three flat skeletal muscles in the antero-lateral wall of the abdomen. The external oblique, closest to the
surface, extend inferiorly and medially, in the direction of sliding one’s four fingers into pants pockets. Perpendicular
to it is the intermediate internal oblique, extending superiorly and medially, the direction the thumbs usually go
when the other fingers are in the pants pocket. The deep muscle, the transversus abdominis, is arranged transversely
around the abdomen, similar to the front of a belt on a pair of pants. This arrangement of three bands of muscles in
different orientations allows various movements and rotations of the trunk. The three layers of muscle also help to
protect the internal abdominal organs in an area where there is no bone.
The linea alba is a white, fibrous band that is made of the bilateral rectus sheaths that join at the anterior midline
of the body. These enclose the rectus abdominis muscles (a pair of long, linear muscles, commonly called the “sit-up”
muscles) that originate at the pubic crest and symphysis, and extend the length of the body’s trunk. Each muscle is
segmented by three transverse bands of collagen fibers called the tendinous intersections. This results in the look of
“six-pack abs,” as each segment hypertrophies on individuals at the gym who do many sit-ups.
The posterior abdominal wall is formed by the lumbar vertebrae, parts of the ilia of the hip bones, psoas major and
iliacus muscles, and quadratus lumborum muscle. This part of the core plays a key role in stabilizing the rest of the
body and maintaining posture.
Career Connections
Physical Therapists
Those who have a muscle or joint injury will most likely be sent to a physical therapist (PT) after seeing their regular
doctor. PTs have a master’s degree or doctorate, and are highly trained experts in the mechanics of body movements.
Many PTs also specialize in sports injuries.
If you injured your shoulder while you were kayaking, the first thing a physical therapist would do during your
first visit is to assess the functionality of the joint. The range of motion of a particular joint refers to the normal
movements the joint performs. The PT will ask you to abduct and adduct, circumduct, and flex and extend the
arm. The PT will note the shoulder’s degree of function, and based on the assessment of the injury, will create an
appropriate physical therapy plan.
The first step in physical therapy will probably be applying a heat pack to the injured site, which acts much like a
warm-up to draw blood to the area, to enhance healing. You will be instructed to do a series of exercises to continue
the therapy at home, followed by icing, to decrease inflammation and swelling, which will continue for several weeks.
When physical therapy is complete, the PT will do an exit exam and send a detailed report on the improved range of
motion and return of normal limb function to your doctor. Gradually, as the injury heals, the shoulder will begin to
function correctly. A PT works closely with patients to help them get back to their normal level of physical activity.
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Muscles of the Thorax
The muscles of the chest serve to facilitate breathing by changing the size of the thoracic cavity (Table 7). When you
inhale, your chest rises because the cavity expands. Alternately, when you exhale, your chest falls because the thoracic
cavity decreases in size.
Muscles of the Thorax (Table 7)
Movement

Target

Target motion direction

Prime
mover

Origin

Insertion

Inhalation;
exhalation

Thoracic
cavity

Compression; expansion

Diaphragm

Sternum; ribs 6–12;
lumbar vertebrae

Central tendon

Inhalation;exhalation

Ribs

Elevation (expands thoracic cavity)

External
intercostals

Rib superior to each
intercostal muscle

Rib inferior to each
intercostal muscle

Forced exhalation

Ribs

Movement along superior/inferior axis to
bring ribs closer together

Internal
intercostals

Rib inferior to each
intercostal muscle

Rib superior to each
intercostal muscle

The Diaphragm
The change in volume of the thoracic cavity during breathing is due to the alternate contraction and relaxation of
the diaphragm (Figure 2). It separates the thoracic and abdominal cavities, and is dome-shaped at rest. The superior
surface of the diaphragm is convex, creating the elevated floor of the thoracic cavity. The inferior surface is concave,
creating the curved roof of the abdominal cavity.

Figure 2. Muscles of the Diaphragm. The diaphragm separates the thoracic and abdominal cavities.

Defecating, urination, and even childbirth involve cooperation between the diaphragm and abdominal muscles
(this cooperation is referred to as the “Valsalva maneuver”). You hold your breath by a steady contraction of the
diaphragm; this stabilizes the volume and pressure of the peritoneal cavity. When the abdominal muscles contract,
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the pressure cannot push the diaphragm up, so it increases pressure on the intestinal tract (defecation), urinary tract
(urination), or reproductive tract (childbirth).
The inferior surface of the pericardial sac and the inferior surfaces of the pleural membranes (parietal pleura)
fuse onto the central tendon of the diaphragm. To the sides of the tendon are the skeletal muscle portions of
the diaphragm, which insert into the tendon while having a number of origins including the xiphoid process of
the sternum anteriorly, the inferior six ribs and their cartilages laterally, and the lumbar vertebrae and 12th ribs
posteriorly.
The diaphragm also includes three openings for the passage of structures between the thorax and the abdomen.
The inferior vena cava passes through the caval opening, and the esophagus and attached nerves pass through
the esophageal hiatus. The aorta, thoracic duct, and azygous vein pass through the aortic hiatus of the posterior
diaphragm.

The Intercostal Muscles
There are three sets of muscles, called intercostal muscles, which span each of the intercostal spaces. The principal
role of the intercostal muscles is to assist in breathing by changing the dimensions of the rib cage (Figure 3).

Figure 3. Intercostal Muscles. The external intercostals are located laterally on the sides of the body. The internal intercostals are located medially
near the sternum. The innermost intercostals are located deep to both the internal and external intercostals.

The 11 pairs of superficial external intercostal muscles aid in inspiration of air during breathing because when
they contract, they raise the rib cage, which expands it. The 11 pairs of internal intercostal muscles, just under
the externals, are used for expiration because they draw the ribs together to constrict the rib cage. The innermost
intercostal muscles are the deepest, and they act as synergists for the action of the internal intercostals.

Muscles of the Pelvic Floor and Perineum
The pelvic floor is a muscular sheet that defines the inferior portion of the pelvic cavity. The pelvic diaphragm,
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spanning anteriorly to posteriorly from the pubis to the coccyx, comprises the levator ani and the ischiococcygeus.
Its openings include the anal canal and urethra, and the vagina in women.
The large levator ani consists of two skeletal muscles, the pubococcygeus and the iliococcygeus (Figure 4). The
levator ani is considered the most important muscle of the pelvic floor because it supports the pelvic viscera. It resists
the pressure produced by contraction of the abdominal muscles so that the pressure is applied to the colon to aid in
defecation and to the uterus to aid in childbirth (assisted by the ischiococcygeus, which pulls the coccyx anteriorly).
This muscle also creates skeletal muscle sphincters at the urethra and anus.

Figure 4. Muscles of the Pelvic Floor. The pelvic floor muscles support the pelvic organs, resist
intra-abdominal pressure, and work as sphincters for the urethra, rectum, and vagina.

The perineum is the diamond-shaped space between the pubic symphysis (anteriorly), the coccyx (posteriorly), and
the ischial tuberosities (laterally), lying just inferior to the pelvic diaphragm (levator ani and coccygeus). Divided
transversely into triangles, the anterior is the urogenital triangle, which includes the external genitals. The posterior
is the anal triangle, which contains the anus (Figure 5). The perineum is also divided into superficial and deep layers
with some of the muscles common to men and women (Figure 6). Women also have the compressor urethrae and the
sphincter urethrovaginalis, which function to close the vagina. In men, there is the deep transverse perineal muscle
that plays a role in ejaculation.
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Figure 5. Muscles of the Perineum. The perineum muscles play roles in urination in both sexes, ejaculation in men, and
vaginal contraction in women.
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Figure 6. Muscles of the Perineum Common to Men and Women

Chapter Review
Made of skin, fascia, and four pairs of muscle, the anterior abdominal wall protects the organs located in the
abdomen and moves the vertebral column. These muscles include the rectus abdominis, which extends through the
entire length of the trunk, the external oblique, the internal oblique, and the transversus abdominus. The quadratus
lumborum forms the posterior abdominal wall.
The muscles of the thorax play a large role in breathing, especially the dome-shaped diaphragm. When it contracts
and flattens, the volume inside the pleural cavities increases, which decreases the pressure within them. As a result,
air will flow into the lungs. The external and internal intercostal muscles span the space between the ribs and help
change the shape of the rib cage and the volume-pressure ratio inside the pleural cavities during inspiration and
expiration.
The perineum muscles play roles in urination in both sexes, ejaculation in men, and vaginal contraction in women.
The pelvic floor muscles support the pelvic organs, resist intra-abdominal pressure, and work as sphincters for the
urethra, rectum, and vagina.
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Review Questions
1. Which of the following abdominal muscles is not a part of the anterior abdominal wall?

A. quadratus lumborum
B. rectus abdominis
C. interior oblique
D. exterior oblique
2. Which muscle pair plays a role in respiration?

A. intertransversarii, interspinales
B. semispinalis cervicis, semispinalis thoracis
C. trapezius, rhomboids
D. diaphragm, scalene
3. What is the linea alba?

A. a small muscle that helps with compression of the abdominal organs
B. a long tendon that runs down the middle of the rectus abdominis
C. a long band of collagen fibers that connects the hip to the knee
D. another name for the tendinous inscription

Critical Thinking Questions
1. Describe the fascicle arrangement in the muscles of the abdominal wall. How do they relate to each other?

2. What are some similarities and differences between the diaphragm and the pelvic diaphragm?

Glossary
anal triangle
posterior triangle of the perineum that includes the anus
caval opening
opening in the diaphragm that allows the inferior vena cava to pass through; foramen for the vena cava
compressor urethrae
deep perineal muscle in women
deep transverse perineal
deep perineal muscle in men
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diaphragm
skeletal muscle that separates the thoracic and abdominal cavities and is dome-shaped at rest
external intercostal
superficial intercostal muscles that raise the rib cage
external oblique
superficial abdominal muscle with fascicles that extend inferiorly and medially
iliococcygeus
muscle that makes up the levator ani along with the pubococcygeus
innermost intercostal
the deepest intercostal muscles that draw the ribs together
intercostal muscles
muscles that span the spaces between the ribs
internal intercostal
muscles the intermediate intercostal muscles that draw the ribs together
internal oblique
flat, intermediate abdominal muscle with fascicles that run perpendicular to those of the external oblique
ischiococcygeus
muscle that assists the levator ani and pulls the coccyx anteriorly
levator ani
pelvic muscle that resists intra-abdominal pressure and supports the pelvic viscera
linea alba
white, fibrous band that runs along the midline of the trunk
pelvic diaphragm
muscular sheet that comprises the levator ani and the ischiococcygeus
perineum
diamond-shaped region between the pubic symphysis, coccyx, and ischial tuberosities
pubococcygeus
muscle that makes up the levator ani along with the iliococcygeus
quadratus lumborum
posterior part of the abdominal wall that helps with posture and stabilization of the body
rectus abdominis
long, linear muscle that extends along the middle of the trunk
rectus sheaths
tissue that makes up the linea alba
sphincter urethrovaginalis
deep perineal muscle in women
tendinous intersections
three transverse bands of collagen fibers that divide the rectus abdominis into segments
transversus abdominis
deep layer of the abdomen that has fascicles arranged transversely around the abdomen
urogenital triangle
anterior triangle of the perineum that includes the external genitals
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Solutions
Answers for Review Questions

1. A
2. D
3. B
Answers for Critical Thinking Questions

1. Arranged into layers, the muscles of the abdominal wall are the internal and external obliques, which run on diagonals, the rectus
abdominis, which runs straight down the midline of the body, and the transversus abdominis, which wraps across the trunk of the
body.
2. Both diaphragms are thin sheets of skeletal muscle that horizontally span areas of the trunk. The diaphragm separating the thoracic
and abdominal cavities is the primary muscle of breathing. The pelvic diaphragm, consisting of two paired muscles, the coccygeus
and the levator ani, forms the pelvic floor at the inferior end of the trunk.
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18

The Skull

Learning Objectives
By the end of this section, you will be able to:

• List and identify the bones of the brain case and face
• Locate the major suture lines of the skull and name the bones associated with each
• Locate and define the boundaries of the anterior, middle, and posterior cranial fossae, the temporal fossa, and infratemporal fossa
• Define the paranasal sinuses and identify the location of each
• Name the bones that make up the walls of the orbit and identify the openings associated with the orbit
• Identify the bones and structures that form the nasal septum and nasal conchae, and locate the hyoid bone
• Identify the bony openings of the skull

The cranium (skull) is the skeletal structure of the head that supports the face and protects the brain. It is subdivided
into the facial bones and the brain case, or cranial vault (Figure 1). The facial bones underlie the facial structures,
form the nasal cavity, enclose the eyeballs, and support the teeth of the upper and lower jaws. The rounded brain case
surrounds and protects the brain and houses the middle and inner ear structures.
In the adult, the skull consists of 22 individual bones, 21 of which are immobile and united into a single unit. The
22nd bone is the mandible (lower jaw), which is the only moveable bone of the skull.
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Figure 1. Parts of the Skull. The skull consists of the rounded brain case that houses the
brain and the facial bones that form the upper and lower jaws, nose, orbits, and other
facial structures.

Watch this video to view a
rotating and exploded
skull, with color-coded
bones.

Watch this video to view a rotating and exploded skull, with color-coded bones. Which bone (yellow) is centrally
located and joins with most of the other bones of the skull?

Anterior View of Skull
The anterior skull consists of the facial bones and provides the bony support for the eyes and structures of the face.
This view of the skull is dominated by the openings of the orbits and the nasal cavity. Also seen are the upper and
lower jaws, with their respective teeth (Figure 2).
The orbit is the bony socket that houses the eyeball and muscles that move the eyeball or open the upper eyelid.
The upper margin of the anterior orbit is the supraorbital margin. Located near the midpoint of the supraorbital
margin is a small opening called the supraorbital foramen. This provides for passage of a sensory nerve to the skin
of the forehead. Below the orbit is the infraorbital foramen, which is the point of emergence for a sensory nerve that
supplies the anterior face below the orbit.
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Figure 2. Anterior View of Skull. An anterior view of the skull shows the bones that form the forehead, orbits (eye
sockets), nasal cavity, nasal septum, and upper and lower jaws.

Inside the nasal area of the skull, the nasal cavity is divided into halves by the nasal septum. The upper portion of
the nasal septum is formed by the perpendicular plate of the ethmoid bone and the lower portion is the vomer bone.
Each side of the nasal cavity is triangular in shape, with a broad inferior space that narrows superiorly. When looking
into the nasal cavity from the front of the skull, two bony plates are seen projecting from each lateral wall. The larger
of these is the inferior nasal concha, an independent bone of the skull. Located just above the inferior concha is the
middle nasal concha, which is part of the ethmoid bone. A third bony plate, also part of the ethmoid bone, is the
superior nasal concha. It is much smaller and out of sight, above the middle concha. The superior nasal concha is
located just lateral to the perpendicular plate, in the upper nasal cavity.

Lateral View of Skull
A view of the lateral skull is dominated by the large, rounded brain case above and the upper and lower jaws with
their teeth below (Figure 3). Separating these areas is the bridge of bone called the zygomatic arch. The zygomatic
arch is the bony arch on the side of skull that spans from the area of the cheek to just above the ear canal. It is formed
by the junction of two bony processes: a short anterior component, the temporal process of the zygomatic bone (the
cheekbone) and a longer posterior portion, the zygomatic process of the temporal bone, extending forward from
the temporal bone. Thus the temporal process (anteriorly) and the zygomatic process (posteriorly) join together,
like the two ends of a drawbridge, to form the zygomatic arch. One of the major muscles that pulls the mandible
upward during biting and chewing arises from the zygomatic arch.
On the lateral side of the brain case, above the level of the zygomatic arch, is a shallow space called the temporal
fossa. Below the level of the zygomatic arch and deep to the vertical portion of the mandible is another space called
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the infratemporal fossa. Both the temporal fossa and infratemporal fossa contain muscles that act on the mandible
during chewing.

Figure 3. Lateral View of Skull. The lateral skull shows the large rounded brain case, zygomatic arch, and the
upper and lower jaws. The zygomatic arch is formed jointly by the zygomatic process of the temporal bone and
the temporal process of the zygomatic bone. The shallow space above the zygomatic arch is the temporal fossa.
The space inferior to the zygomatic arch and deep to the posterior mandible is the infratemporal fossa.

Bones of the Brain Case
The brain case contains and protects the brain. The interior space that is almost completely occupied by the brain is
called the cranial cavity. This cavity is bounded superiorly by the rounded top of the skull, which is called the calvaria
(skullcap), and the lateral and posterior sides of the skull. The bones that form the top and sides of the brain case are
usually referred to as the “flat” bones of the skull.
The floor of the brain case is referred to as the base of the skull. This is a complex area that varies in depth and has
numerous openings for the passage of cranial nerves, blood vessels, and the spinal cord. Inside the skull, the base is
subdivided into three large spaces, called the anterior cranial fossa, middle cranial fossa, and posterior cranial fossa
(fossa = “trench or ditch”) (Figure 4). From anterior to posterior, the fossae increase in depth. The shape and depth of
each fossa corresponds to the shape and size of the brain region that each houses. The boundaries and openings of
the cranial fossae (singular = fossa) will be described in a later section.
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Figure 4. Cranial Fossae. The bones of the brain case surround and protect the
brain, which occupies the cranial cavity. The base of the brain case, which
forms the floor of cranial cavity, is subdivided into the shallow anterior
cranial fossa, the middle cranial fossa, and the deep posterior cranial fossa.

The brain case consists of eight bones. These include the paired parietal and temporal bones, plus the unpaired
frontal, occipital, sphenoid, and ethmoid bones.

Parietal Bone
The parietal bone forms most of the upper lateral side of the skull (see Figure 3). These are paired bones, with the
right and left parietal bones joining together at the top of the skull. Each parietal bone is also bounded anteriorly by
the frontal bone, inferiorly by the temporal bone, and posteriorly by the occipital bone.

Temporal Bone
The temporal bone forms the lower lateral side of the skull (see Figure 3). Common wisdom has it that the temporal
bone (temporal = “time”) is so named because this area of the head (the temple) is where hair typically first turns gray,
indicating the passage of time.
The temporal bone is subdivided into several regions (Figure 5). The flattened, upper portion is the squamous
portion of the temporal bone. Below this area and projecting anteriorly is the zygomatic process of the temporal
bone, which forms the posterior portion of the zygomatic arch. Posteriorly is the mastoid portion of the temporal
bone. Projecting inferiorly from this region is a large prominence, the mastoid process, which serves as a muscle
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attachment site. The mastoid process can easily be felt on the side of the head just behind your earlobe. On the
interior of the skull, the petrous portion of each temporal bone forms the prominent, diagonally oriented petrous
ridge in the floor of the cranial cavity. Located inside each petrous ridge are small cavities that house the structures
of the middle and inner ears.

Figure 5. Temporal Bone. A lateral view of the isolated temporal bone shows the squamous, mastoid, and
zygomatic portions of the temporal bone.

Important landmarks of the temporal bone, as shown in Figure 6, include the following:
• External acoustic meatus (ear canal)—This is the large opening on the lateral side of the skull that is associated
with the ear.
• Internal acoustic meatus—This opening is located inside the cranial cavity, on the medial side of the petrous
ridge. It connects to the middle and inner ear cavities of the temporal bone.
• Mandibular fossa—This is the deep, oval-shaped depression located on the external base of the skull, just in
front of the external acoustic meatus. The mandible (lower jaw) joins with the skull at this site as part of the
temporomandibular joint, which allows for movements of the mandible during opening and closing of the
mouth.
• Articular tubercle—The smooth ridge located immediately anterior to the mandibular fossa. Both the articular
tubercle and mandibular fossa contribute to the temporomandibular joint, the joint that provides for
movements between the temporal bone of the skull and the mandible.
• Styloid process—Posterior to the mandibular fossa on the external base of the skull is an elongated, downward
bony projection called the styloid process, so named because of its resemblance to a stylus (a pen or writing
tool). This structure serves as an attachment site for several small muscles and for a ligament that supports the
hyoid bone of the neck. (See also Figure 5.)
• Stylomastoid foramen—This small opening is located between the styloid process and mastoid process. This is
the point of exit for the cranial nerve that supplies the facial muscles.
• Carotid canal—The carotid canal is a zig-zag shaped tunnel that provides passage through the base of the skull
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for one of the major arteries that supplies the brain. Its entrance is located on the outside base of the skull,
anteromedial to the styloid process. The canal then runs anteromedially within the bony base of the skull, and
then turns upward to its exit in the floor of the middle cranial cavity, above the foramen lacerum.
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Figure 6. External and Internal Views of Base of Skull. (a) The hard palate is formed anteriorly by the palatine processes of the
maxilla bones and posteriorly by the horizontal plate of the palatine bones. (b) The complex floor of the cranial cavity is formed
by the frontal, ethmoid, sphenoid, temporal, and occipital bones. The lesser wing of the sphenoid bone separates the anterior
and middle cranial fossae. The petrous ridge (petrous portion of temporal bone) separates the middle and posterior cranial
fossae.
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Frontal Bone
The frontal bone is the single bone that forms the forehead. At its anterior midline, between the eyebrows, there is a
slight depression called the glabella (see Figure 3). The frontal bone also forms the supraorbital margin of the orbit.
Near the middle of this margin, is the supraorbital foramen, the opening that provides passage for a sensory nerve
to the forehead. The frontal bone is thickened just above each supraorbital margin, forming rounded brow ridges.
These are located just behind your eyebrows and vary in size among individuals, although they are generally larger in
males. Inside the cranial cavity, the frontal bone extends posteriorly. This flattened region forms both the roof of the
orbit below and the floor of the anterior cranial cavity above (see Figure 6b).

Occipital Bone
The occipital bone is the single bone that forms the posterior skull and posterior base of the cranial cavity (Figure 7;
see also Figure 6). On its outside surface, at the posterior midline, is a small protrusion called the external occipital
protuberance, which serves as an attachment site for a ligament of the posterior neck. Lateral to either side of this
bump is a superior nuchal line (nuchal = “nape” or “posterior neck”). The nuchal lines represent the most superior
point at which muscles of the neck attach to the skull, with only the scalp covering the skull above these lines. On the
base of the skull, the occipital bone contains the large opening of the foramen magnum, which allows for passage of
the spinal cord as it exits the skull. On either side of the foramen magnum is an oval-shaped occipital condyle. These
condyles form joints with the first cervical vertebra and thus support the skull on top of the vertebral column.

Figure 7. Posterior View of Skull. This view of the posterior skull shows attachment sites for
muscles and joints that support the skull.

Sphenoid Bone
The sphenoid bone is a single, complex bone of the central skull (Figure 8). It serves as a “keystone” bone, because it
joins with almost every other bone of the skull. The sphenoid forms much of the base of the central skull (see Figure
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6) and also extends laterally to contribute to the sides of the skull (see Figure 3). Inside the cranial cavity, the right
and left lesser wings of the sphenoid bone, which resemble the wings of a flying bird, form the lip of a prominent
ridge that marks the boundary between the anterior and middle cranial fossae. The sella turcica (“Turkish saddle”) is
located at the midline of the middle cranial fossa. This bony region of the sphenoid bone is named for its resemblance
to the horse saddles used by the Ottoman Turks, with a high back and a tall front. The rounded depression in the floor
of the sella turcica is the hypophyseal (pituitary) fossa, which houses the pea-sized pituitary (hypophyseal) gland. The
greater wings of the sphenoid bone extend laterally to either side away from the sella turcica, where they form the
anterior floor of the middle cranial fossa. The greater wing is best seen on the outside of the lateral skull, where it
forms a rectangular area immediately anterior to the squamous portion of the temporal bone.
On the inferior aspect of the skull, each half of the sphenoid bone forms two thin, vertically oriented bony plates.
These are the medial pterygoid plate and lateral pterygoid plate (pterygoid = “wing-shaped”). The right and left
medial pterygoid plates form the posterior, lateral walls of the nasal cavity. The somewhat larger lateral pterygoid
plates serve as attachment sites for chewing muscles that fill the infratemporal space and act on the mandible.

Figure 8. Sphenoid Bone. Shown in isolation in (a) superior and (b) posterior views, the
sphenoid bone is a single midline bone that forms the anterior walls and floor of the
middle cranial fossa. It has a pair of lesser wings and a pair of greater wings. The sella
turcica surrounds the hypophyseal fossa. Projecting downward are the medial and
lateral pterygoid plates. The sphenoid has multiple openings for the passage of nerves
and blood vessels, including the optic canal, superior orbital fissure, foramen rotundum,
foramen ovale, and foramen spinosum.
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Ethmoid Bone
The ethmoid bone is a single, midline bone that forms the roof and lateral walls of the upper nasal cavity, the upper
portion of the nasal septum, and contributes to the medial wall of the orbit (Figure 9 and Figure 10). On the interior
of the skull, the ethmoid also forms a portion of the floor of the anterior cranial cavity (see Figure 6b).
Within the nasal cavity, the perpendicular plate of the ethmoid bone forms the upper portion of the nasal septum.
The ethmoid bone also forms the lateral walls of the upper nasal cavity. Extending from each lateral wall are the
superior nasal concha and middle nasal concha, which are thin, curved projections that extend into the nasal cavity
(Figure 11).
In the cranial cavity, the ethmoid bone forms a small area at the midline in the floor of the anterior cranial fossa.
This region also forms the narrow roof of the underlying nasal cavity. This portion of the ethmoid bone consists of
two parts, the crista galli and cribriform plates. The crista galli (“rooster’s comb or crest”) is a small upward bony
projection located at the midline. It functions as an anterior attachment point for one of the covering layers of
the brain. To either side of the crista galli is the cribriform plate (cribrum = “sieve”), a small, flattened area with
numerous small openings termed olfactory foramina. Small nerve branches from the olfactory areas of the nasal
cavity pass through these openings to enter the brain.
The lateral portions of the ethmoid bone are located between the orbit and upper nasal cavity, and thus form the
lateral nasal cavity wall and a portion of the medial orbit wall. Located inside this portion of the ethmoid bone are
several small, air-filled spaces that are part of the paranasal sinus system of the skull.

Figure 9. Sagittal Section of Skull. This midline view of the sagittally sectioned skull shows the nasal septum.
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Figure 10. Ethmoid Bone. The unpaired ethmoid bone is located at the midline within the central skull. It
has an upward projection, the crista galli, and a downward projection, the perpendicular plate, which
forms the upper nasal septum. The cribriform plates form both the roof of the nasal cavity and a portion
of the anterior cranial fossa floor. The lateral sides of the ethmoid bone form the lateral walls of the
upper nasal cavity, part of the medial orbit wall, and give rise to the superior and middle nasal conchae.
The ethmoid bone also contains the ethmoid air cells.

Figure 11. Lateral Wall of Nasal Cavity. The three nasal conchae are curved bones that project from the
lateral walls of the nasal cavity. The superior nasal concha and middle nasal concha are parts of the
ethmoid bone. The inferior nasal concha is an independent bone of the skull.
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Sutures of the Skull
A suture is an immobile joint between adjacent bones of the skull. The narrow gap between the bones is filled with
dense, fibrous connective tissue that unites the bones. The long sutures located between the bones of the brain case
are not straight, but instead follow irregular, tightly twisting paths. These twisting lines serve to tightly interlock the
adjacent bones, thus adding strength to the skull for brain protection.
The two suture lines seen on the top of the skull are the coronal and sagittal sutures. The coronal suture runs
from side to side across the skull, within the coronal plane of section (see Figure 3). It joins the frontal bone to the
right and left parietal bones. The sagittal suture extends posteriorly from the coronal suture, running along the
midline at the top of the skull in the sagittal plane of section (see Figure 7). It unites the right and left parietal bones.
On the posterior skull, the sagittal suture terminates by joining the lambdoid suture. The lambdoid suture extends
downward and laterally to either side away from its junction with the sagittal suture. The lambdoid suture joins
the occipital bone to the right and left parietal and temporal bones. This suture is named for its upside-down “V”
shape, which resembles the capital letter version of the Greek letter lambda (Λ). The squamous suture is located on
the lateral skull. It unites the squamous portion of the temporal bone with the parietal bone (see Figure 3). At the
intersection of four bones is the pterion, a small, capital-H-shaped suture line region that unites the frontal bone,
parietal bone, squamous portion of the temporal bone, and greater wing of the sphenoid bone. It is the weakest part
of the skull. The pterion is located approximately two finger widths above the zygomatic arch and a thumb’s width
posterior to the upward portion of the zygomatic bone.
Disorders of the…
Skeletal System
Head and traumatic brain injuries are major causes of immediate death and disability, with bleeding and infections
as possible additional complications. According to the Centers for Disease Control and Prevention (2010),
approximately 30 percent of all injury-related deaths in the United States are caused by head injuries. The majority of
head injuries involve falls. They are most common among young children (ages 0–4 years), adolescents (15–19 years),
and the elderly (over 65 years). Additional causes vary, but prominent among these are automobile and motorcycle
accidents.
Strong blows to the brain-case portion of the skull can produce fractures. These may result in bleeding inside the
skull with subsequent injury to the brain. The most common is a linear skull fracture, in which fracture lines radiate
from the point of impact. Other fracture types include a comminuted fracture, in which the bone is broken into
several pieces at the point of impact, or a depressed fracture, in which the fractured bone is pushed inward. In a
contrecoup (counterblow) fracture, the bone at the point of impact is not broken, but instead a fracture occurs on the
opposite side of the skull. Fractures of the occipital bone at the base of the skull can occur in this manner, producing
a basilar fracture that can damage the artery that passes through the carotid canal.
A blow to the lateral side of the head may fracture the bones of the pterion. The pterion is an important clinical
landmark because located immediately deep to it on the inside of the skull is a major branch of an artery that supplies
the skull and covering layers of the brain. A strong blow to this region can fracture the bones around the pterion.
If the underlying artery is damaged, bleeding can cause the formation of a hematoma (collection of blood) between
the brain and interior of the skull. As blood accumulates, it will put pressure on the brain. Symptoms associated with
a hematoma may not be apparent immediately following the injury, but if untreated, blood accumulation will exert
increasing pressure on the brain and can result in death within a few hours.
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View this animation to see
how a blow to the head
may produce a contrecoup
(counterblow) fracture of
the basilar portion of the
occipital bone on the base
of the skull.

View this animation to see how a blow to the head may produce a contrecoup (counterblow) fracture of the basilar
portion of the occipital bone on the base of the skull. Why may a basilar fracture be life threatening?

Facial Bones of the Skull
The facial bones of the skull form the upper and lower jaws, the nose, nasal cavity and nasal septum, and the
orbit. The facial bones include 14 bones, with six paired bones and two unpaired bones. The paired bones are the
maxilla, palatine, zygomatic, nasal, lacrimal, and inferior nasal conchae bones. The unpaired bones are the vomer
and mandible bones. Although classified with the brain-case bones, the ethmoid bone also contributes to the nasal
septum and the walls of the nasal cavity and orbit.

Maxillary Bone
The maxillary bone, often referred to simply as the maxilla (plural = maxillae), is one of a pair that together form the
upper jaw, much of the hard palate, the medial floor of the orbit, and the lateral base of the nose (see Figure 2). The
curved, inferior margin of the maxillary bone that forms the upper jaw and contains the upper teeth is the alveolar
process of the maxilla (Figure 12). Each tooth is anchored into a deep socket called an alveolus. On the anterior
maxilla, just below the orbit, is the infraorbital foramen. This is the point of exit for a sensory nerve that supplies the
nose, upper lip, and anterior cheek. On the inferior skull, the palatine process from each maxillary bone can be seen
joining together at the midline to form the anterior three-quarters of the hard palate (see Figure 6a). The hard palate
is the bony plate that forms the roof of the mouth and floor of the nasal cavity, separating the oral and nasal cavities.
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Figure 12. Maxillary Bone. The maxillary bone forms the upper jaw and supports the upper teeth.
Each maxilla also forms the lateral floor of each orbit and the majority of the hard palate.

Palatine Bone
The palatine bone is one of a pair of irregularly shaped bones that contribute small areas to the lateral walls of the
nasal cavity and the medial wall of each orbit. The largest region of each of the palatine bone is the horizontal plate.
The plates from the right and left palatine bones join together at the midline to form the posterior quarter of the hard
palate (see Figure 6a). Thus, the palatine bones are best seen in an inferior view of the skull and hard palate.
Homeostatic Imbalances
Cleft Lip and Cleft Palate
During embryonic development, the right and left maxilla bones come together at the midline to form the upper jaw.
At the same time, the muscle and skin overlying these bones join together to form the upper lip. Inside the mouth,
the palatine processes of the maxilla bones, along with the horizontal plates of the right and left palatine bones, join
together to form the hard palate. If an error occurs in these developmental processes, a birth defect of cleft lip or cleft
palate may result.
Cleft lip is a common development defect that affects approximately 1:1000 births, most of which are male. This
defect involves a partial or complete failure of the right and left portions of the upper lip to fuse together, leaving a
cleft (gap).
A more severe developmental defect is cleft palate, which affects the hard palate. The hard palate is the bony
structure that separates the nasal cavity from the oral cavity. It is formed during embryonic development by the
midline fusion of the horizontal plates from the right and left palatine bones and the palatine processes of the maxilla
bones. Cleft palate affects approximately 1:2500 births and is more common in females. It results from a failure of
the two halves of the hard palate to completely come together and fuse at the midline, thus leaving a gap between
them. This gap allows for communication between the nasal and oral cavities. In severe cases, the bony gap continues
into the anterior upper jaw where the alveolar processes of the maxilla bones also do not properly join together above
the front teeth. If this occurs, a cleft lip will also be seen. Because of the communication between the oral and nasal
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cavities, a cleft palate makes it very difficult for an infant to generate the suckling needed for nursing, thus leaving
the infant at risk for malnutrition. Surgical repair is required to correct cleft palate defects.

Zygomatic Bone
The zygomatic bone is also known as the cheekbone. Each of the paired zygomatic bones forms much of the lateral
wall of the orbit and the lateral-inferior margins of the anterior orbital opening (see Figure 2). The short temporal
process of the zygomatic bone projects posteriorly, where it forms the anterior portion of the zygomatic arch (see
Figure 3).

Nasal Bone
The nasal bone is one of two small bones that articulate (join) with each other to form the bony base (bridge) of the
nose. They also support the cartilages that form the lateral walls of the nose (see Figure 9). These are the bones that
are damaged when the nose is broken.

Lacrimal Bone
Each lacrimal bone is a small, rectangular bone that forms the anterior, medial wall of the orbit (see Figure 2
and Figure 3). The anterior portion of the lacrimal bone forms a shallow depression called the lacrimal fossa, and
extending inferiorly from this is the nasolacrimal canal. The lacrimal fluid (tears of the eye), which serves to maintain
the moist surface of the eye, drains at the medial corner of the eye into the nasolacrimal canal. This duct then extends
downward to open into the nasal cavity, behind the inferior nasal concha. In the nasal cavity, the lacrimal fluid
normally drains posteriorly, but with an increased flow of tears due to crying or eye irritation, some fluid will also
drain anteriorly, thus causing a runny nose.

Inferior Nasal Conchae
The right and left inferior nasal conchae form a curved bony plate that projects into the nasal cavity space from the
lower lateral wall (see Figure 11). The inferior concha is the largest of the nasal conchae and can easily be seen when
looking into the anterior opening of the nasal cavity.

Vomer Bone
The unpaired vomer bone, often referred to simply as the vomer, is triangular-shaped and forms the posteriorinferior part of the nasal septum (see Figure 9). The vomer is best seen when looking from behind into the posterior
openings of the nasal cavity (see Figure 6a). In this view, the vomer is seen to form the entire height of the nasal
septum. A much smaller portion of the vomer can also be seen when looking into the anterior opening of the nasal
cavity.

Mandible
The mandible forms the lower jaw and is the only moveable bone of the skull. At the time of birth, the mandible
consists of paired right and left bones, but these fuse together during the first year to form the single U-shaped
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mandible of the adult skull. Each side of the mandible consists of a horizontal body and posteriorly, a vertically
oriented ramus of the mandible (ramus = “branch”). The outside margin of the mandible, where the body and ramus
come together is called the angle of the mandible (Figure 13).
The ramus on each side of the mandible has two upward-going bony projections. The more anterior projection
is the flattened coronoid process of the mandible, which provides attachment for one of the biting muscles. The
posterior projection is the condylar process of the mandible, which is topped by the oval-shaped condyle. The condyle
of the mandible articulates (joins) with the mandibular fossa and articular tubercle of the temporal bone. Together
these articulations form the temporomandibular joint, which allows for opening and closing of the mouth (see Figure
3). The broad U-shaped curve located between the coronoid and condylar processes is the mandibular notch.
Important landmarks for the mandible include the following:
• Alveolar process of the mandible—This is the upper border of the mandibular body and serves to anchor the
lower teeth.
• Mental protuberance—The forward projection from the inferior margin of the anterior mandible that forms
the chin (mental = “chin”).
• Mental foramen—The opening located on each side of the anterior-lateral mandible, which is the exit site for a
sensory nerve that supplies the chin.
• Mylohyoid line—This bony ridge extends along the inner aspect of the mandibular body (see Figure 9). The
muscle that forms the floor of the oral cavity attaches to the mylohyoid lines on both sides of the mandible.
• Mandibular foramen—This opening is located on the medial side of the ramus of the mandible. The opening
leads into a tunnel that runs down the length of the mandibular body. The sensory nerve and blood vessels that
supply the lower teeth enter the mandibular foramen and then follow this tunnel. Thus, to numb the lower
teeth prior to dental work, the dentist must inject anesthesia into the lateral wall of the oral cavity at a point
prior to where this sensory nerve enters the mandibular foramen.
• Lingula—This small flap of bone is named for its shape (lingula = “little tongue”). It is located immediately next
to the mandibular foramen, on the medial side of the ramus. A ligament that anchors the mandible during
opening and closing of the mouth extends down from the base of the skull and attaches to the lingula.
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Figure 13. Isolated Mandible. The mandible is the only moveable bone of the skull.

The Orbit
The orbit is the bony socket that houses the eyeball and contains the muscles that move the eyeball or open the upper
eyelid. Each orbit is cone-shaped, with a narrow posterior region that widens toward the large anterior opening. To
help protect the eye, the bony margins of the anterior opening are thickened and somewhat constricted. The medial
walls of the two orbits are parallel to each other but each lateral wall diverges away from the midline at a 45° angle.
This divergence provides greater lateral peripheral vision.
The walls of each orbit include contributions from seven skull bones (Figure 14). The frontal bone forms the roof
and the zygomatic bone forms the lateral wall and lateral floor. The medial floor is primarily formed by the maxilla,
with a small contribution from the palatine bone. The ethmoid bone and lacrimal bone make up much of the medial
wall and the sphenoid bone forms the posterior orbit.
At the posterior apex of the orbit is the opening of the optic canal, which allows for passage of the optic nerve from
the retina to the brain. Lateral to this is the elongated and irregularly shaped superior orbital fissure, which provides
passage for the artery that supplies the eyeball, sensory nerves, and the nerves that supply the muscles involved in eye
movements.
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Figure 14. Bones of the Orbit. Seven skull bones contribute to the walls of the orbit. Opening into the posterior orbit from the
cranial cavity are the optic canal and superior orbital fissure.

The Nasal Septum and Nasal Conchae
The nasal septum consists of both bone and cartilage components (Figure 15; see also Figure 9). The upper portion of
the septum is formed by the perpendicular plate of the ethmoid bone. The lower and posterior parts of the septum are
formed by the triangular-shaped vomer bone. In an anterior view of the skull, the perpendicular plate of the ethmoid
bone is easily seen inside the nasal opening as the upper nasal septum, but only a small portion of the vomer is seen
as the inferior septum. A better view of the vomer bone is seen when looking into the posterior nasal cavity with an
inferior view of the skull, where the vomer forms the full height of the nasal septum. The anterior nasal septum is
formed by the septal cartilage, a flexible plate that fills in the gap between the perpendicular plate of the ethmoid
and vomer bones. This cartilage also extends outward into the nose where it separates the right and left nostrils. The
septal cartilage is not found in the dry skull.
Attached to the lateral wall on each side of the nasal cavity are the superior, middle, and inferior nasal conchae
(singular = concha), which are named for their positions (see Figure 11). These are bony plates that curve downward
as they project into the space of the nasal cavity. They serve to swirl the incoming air, which helps to warm and
moisturize it before the air moves into the delicate air sacs of the lungs. This also allows mucus, secreted by the tissue
lining the nasal cavity, to trap incoming dust, pollen, bacteria, and viruses. The largest of the conchae is the inferior
nasal concha, which is an independent bone of the skull. The middle concha and the superior conchae, which is the
smallest, are both formed by the ethmoid bone. When looking into the anterior nasal opening of the skull, only the
inferior and middle conchae can be seen. The small superior nasal concha is well hidden above and behind the middle
concha.

238 | LAYCI HARRISON

Figure 15. Nasal Septum. The nasal septum is formed by the perpendicular plate of the ethmoid bone and the vomer bone. The
septal cartilage fills the gap between these bones and extends into the nose.

Cranial Fossae
Inside the skull, the floor of the cranial cavity is subdivided into three cranial fossae (spaces), which increase in depth
from anterior to posterior (see Figure 4, Figure 6b, and Figure 9). Since the brain occupies these areas, the shape
of each conforms to the shape of the brain regions that it contains. Each cranial fossa has anterior and posterior
boundaries and is divided at the midline into right and left areas by a significant bony structure or opening.

Anterior Cranial Fossa
The anterior cranial fossa is the most anterior and the shallowest of the three cranial fossae. It overlies the orbits and
contains the frontal lobes of the brain. Anteriorly, the anterior fossa is bounded by the frontal bone, which also forms
the majority of the floor for this space. The lesser wings of the sphenoid bone form the prominent ledge that marks
the boundary between the anterior and middle cranial fossae. Located in the floor of the anterior cranial fossa at the
midline is a portion of the ethmoid bone, consisting of the upward projecting crista galli and to either side of this,
the cribriform plates.

Middle Cranial Fossa
The middle cranial fossa is deeper and situated posterior to the anterior fossa. It extends from the lesser wings of
the sphenoid bone anteriorly, to the petrous ridges (petrous portion of the temporal bones) posteriorly. The large,
diagonally positioned petrous ridges give the middle cranial fossa a butterfly shape, making it narrow at the midline
and broad laterally. The temporal lobes of the brain occupy this fossa. The middle cranial fossa is divided at the
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midline by the upward bony prominence of the sella turcica, a part of the sphenoid bone. The middle cranial fossa
has several openings for the passage of blood vessels and cranial nerves (see Figure 6).
Openings in the middle cranial fossa are as follows:
• Optic canal—This opening is located at the anterior lateral corner of the sella turcica. It provides for passage of
the optic nerve into the orbit.
• Superior orbital fissure—This large, irregular opening into the posterior orbit is located on the anterior wall of
the middle cranial fossa, lateral to the optic canal and under the projecting margin of the lesser wing of the
sphenoid bone. Nerves to the eyeball and associated muscles, and sensory nerves to the forehead pass through
this opening.
• Foramen rotundum—This rounded opening (rotundum = “round”) is located in the floor of the middle cranial
fossa, just inferior to the superior orbital fissure. It is the exit point for a major sensory nerve that supplies the
cheek, nose, and upper teeth.
• Foramen ovale of the middle cranial fossa—This large, oval-shaped opening in the floor of the middle cranial
fossa provides passage for a major sensory nerve to the lateral head, cheek, chin, and lower teeth.
• Foramen spinosum—This small opening, located posterior-lateral to the foramen ovale, is the entry point for
an important artery that supplies the covering layers surrounding the brain. The branching pattern of this
artery forms readily visible grooves on the internal surface of the skull and these grooves can be traced back to
their origin at the foramen spinosum.
• Carotid canal—This is the zig-zag passageway through which a major artery to the brain enters the skull. The
entrance to the carotid canal is located on the inferior aspect of the skull, anteromedial to the styloid process
(see Figure 6a). From here, the canal runs anteromedially within the bony base of the skull. Just above the
foramen lacerum, the carotid canal opens into the middle cranial cavity, near the posterior-lateral base of the
sella turcica.
• Foramen lacerum—This irregular opening is located in the base of the skull, immediately inferior to the exit of
the carotid canal. This opening is an artifact of the dry skull, because in life it is completely filled with cartilage.
All the openings of the skull that provide for passage of nerves or blood vessels have smooth margins; the word
lacerum (“ragged” or “torn”) tells us that this opening has ragged edges and thus nothing passes through it.

Posterior Cranial Fossa
The posterior cranial fossa is the most posterior and deepest portion of the cranial cavity. It contains the cerebellum
of the brain. The posterior fossa is bounded anteriorly by the petrous ridges, while the occipital bone forms the floor
and posterior wall. It is divided at the midline by the large foramen magnum (“great aperture”), the opening that
provides for passage of the spinal cord.
Located on the medial wall of the petrous ridge in the posterior cranial fossa is the internal acoustic meatus (see
Figure 9). This opening provides for passage of the nerve from the hearing and equilibrium organs of the inner ear,
and the nerve that supplies the muscles of the face. Located at the anterior-lateral margin of the foramen magnum is
the hypoglossal canal. These emerge on the inferior aspect of the skull at the base of the occipital condyle and provide
passage for an important nerve to the tongue.
Immediately inferior to the internal acoustic meatus is the large, irregularly shaped jugular foramen (see Figure
6a). Several cranial nerves from the brain exit the skull via this opening. It is also the exit point through the base of
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the skull for all the venous return blood leaving the brain. The venous structures that carry blood inside the skull form
large, curved grooves on the inner walls of the posterior cranial fossa, which terminate at each jugular foramen.

Paranasal Sinuses
The paranasal sinuses are hollow, air-filled spaces located within certain bones of the skull (Figure 16). All of the
sinuses communicate with the nasal cavity (paranasal = “next to nasal cavity”) and are lined with nasal mucosa. They
serve to reduce bone mass and thus lighten the skull, and they also add resonance to the voice. This second feature
is most obvious when you have a cold or sinus congestion. These produce swelling of the mucosa and excess mucus
production, which can obstruct the narrow passageways between the sinuses and the nasal cavity, causing your voice
to sound different to yourself and others. This blockage can also allow the sinuses to fill with fluid, with the resulting
pressure producing pain and discomfort.
The paranasal sinuses are named for the skull bone that each occupies. The frontal sinus is located just above the
eyebrows, within the frontal bone (see Figure 15). This irregular space may be divided at the midline into bilateral
spaces, or these may be fused into a single sinus space. The frontal sinus is the most anterior of the paranasal sinuses.
The largest sinus is the maxillary sinus. These are paired and located within the right and left maxillary bones,
where they occupy the area just below the orbits. The maxillary sinuses are most commonly involved during sinus
infections. Because their connection to the nasal cavity is located high on their medial wall, they are difficult to drain.
The sphenoid sinus is a single, midline sinus. It is located within the body of the sphenoid bone, just anterior and
inferior to the sella turcica, thus making it the most posterior of the paranasal sinuses. The lateral aspects of the
ethmoid bone contain multiple small spaces separated by very thin bony walls. Each of these spaces is called an
ethmoid air cell. These are located on both sides of the ethmoid bone, between the upper nasal cavity and medial
orbit, just behind the superior nasal conchae.
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Figure 16. Paranasal Sinuses. The paranasal sinuses are hollow, air-filled spaces named for the skull bone that
each occupies. The most anterior is the frontal sinus, located in the frontal bone above the eyebrows. The largest
are the maxillary sinuses, located in the right and left maxillary bones below the orbits. The most posterior is
the sphenoid sinus, located in the body of the sphenoid bone, under the sella turcica. The ethmoid air cells are
multiple small spaces located in the right and left sides of the ethmoid bone, between the medial wall of the
orbit and lateral wall of the upper nasal cavity.

Hyoid Bone
The hyoid bone is an independent bone that does not contact any other bone and thus is not part of the skull (Figure
17). It is a small U-shaped bone located in the upper neck near the level of the inferior mandible, with the tips of the
“U” pointing posteriorly. The hyoid serves as the base for the tongue above, and is attached to the larynx below and
the pharynx posteriorly. The hyoid is held in position by a series of small muscles that attach to it either from above
or below. These muscles act to move the hyoid up/down or forward/back. Movements of the hyoid are coordinated
with movements of the tongue, larynx, and pharynx during swallowing and speaking.
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Figure 17. Hyoid Bone. The hyoid bone is located in the upper neck and
does not join with any other bone. It provides attachments for
muscles that act on the tongue, larynx, and pharynx.

Chapter Review
The skull consists of the brain case and the facial bones. The brain case surrounds and protects the brain, which
occupies the cranial cavity inside the skull. It consists of the rounded calvaria and a complex base. The brain case
is formed by eight bones, the paired parietal and temporal bones plus the unpaired frontal, occipital, sphenoid,
and ethmoid bones. The narrow gap between the bones is filled with dense, fibrous connective tissue that unites
the bones. The sagittal suture joins the right and left parietal bones. The coronal suture joins the parietal bones to
the frontal bone, the lamboid suture joins them to the occipital bone, and the squamous suture joins them to the
temporal bone.
The facial bones support the facial structures and form the upper and lower jaws. These consist of 14 bones, with
the paired maxillary, palatine, zygomatic, nasal, lacrimal, and inferior conchae bones and the unpaired vomer and
mandible bones. The ethmoid bone also contributes to the formation of facial structures. The maxilla forms the upper
jaw and the mandible forms the lower jaw. The maxilla also forms the larger anterior portion of the hard palate, which
is completed by the smaller palatine bones that form the posterior portion of the hard palate.
The floor of the cranial cavity increases in depth from front to back and is divided into three cranial fossae. The
anterior cranial fossa is located between the frontal bone and lesser wing of the sphenoid bone. A small area of
the ethmoid bone, consisting of the crista galli and cribriform plates, is located at the midline of this fossa. The
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middle cranial fossa extends from the lesser wing of the sphenoid bone to the petrous ridge (petrous portion of
temporal bone). The right and left sides are separated at the midline by the sella turcica, which surrounds the shallow
hypophyseal fossa. Openings through the skull in the floor of the middle fossa include the optic canal and superior
orbital fissure, which open into the posterior orbit, the foramen rotundum, foramen ovale, and foramen spinosum,
and the exit of the carotid canal with its underlying foramen lacerum. The deep posterior cranial fossa extends
from the petrous ridge to the occipital bone. Openings here include the large foramen magnum, plus the internal
acoustic meatus, jugular foramina, and hypoglossal canals. Additional openings located on the external base of the
skull include the stylomastoid foramen and the entrance to the carotid canal.
The anterior skull has the orbits that house the eyeballs and associated muscles. The walls of the orbit are formed
by contributions from seven bones: the frontal, zygomatic, maxillary, palatine, ethmoid, lacrimal, and sphenoid.
Located at the superior margin of the orbit is the supraorbital foramen, and below the orbit is the infraorbital
foramen. The mandible has two openings, the mandibular foramen on its inner surface and the mental foramen on
its external surface near the chin. The nasal conchae are bony projections from the lateral walls of the nasal cavity.
The large inferior nasal concha is an independent bone, while the middle and superior conchae are parts of the
ethmoid bone. The nasal septum is formed by the perpendicular plate of the ethmoid bone, the vomer bone, and
the septal cartilage. The paranasal sinuses are air-filled spaces located within the frontal, maxillary, sphenoid, and
ethmoid bones.
On the lateral skull, the zygomatic arch consists of two parts, the temporal process of the zygomatic bone anteriorly
and the zygomatic process of the temporal bone posteriorly. The temporal fossa is the shallow space located on the
lateral skull above the level of the zygomatic arch. The infratemporal fossa is located below the zygomatic arch and
deep to the ramus of the mandible.
The hyoid bone is located in the upper neck and does not join with any other bone. It is held in position by muscles
and serves to support the tongue above, the larynx below, and the pharynx posteriorly.

Interactive Link Questions
Watch this video to view a rotating and exploded skull with color-coded bones. Which bone (yellow) is centrally
located and joins with most of the other bones of the skull?
The sphenoid bone joins with most other bones of the skull. It is centrally located, where it forms portions of the
rounded brain case and cranial base.
View this animation to see how a blow to the head may produce a contrecoup (counterblow) fracture of the basilar
portion of the occipital bone on the base of the skull. Why may a basilar fracture be life threatening?
A basilar fracture may damage an artery entering the skull, causing bleeding in the brain.

Review Questions
1. Which of the following is a bone of the brain case?

A. parietal bone
B. zygomatic bone
C. maxillary bone
D. lacrimal bone
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2. The lambdoid suture joins the parietal bone to the ________.

A. frontal bone
B. occipital bone
C. other parietal bone
D. temporal bone
3. The middle cranial fossa ________.

A. is bounded anteriorly by the petrous ridge
B. is bounded posteriorly by the lesser wing of the sphenoid bone
C. is divided at the midline by a small area of the ethmoid bone
D. has the foramen rotundum, foramen ovale, and foramen spinosum
4. The paranasal sinuses are ________.

A. air-filled spaces found within the frontal, maxilla, sphenoid, and ethmoid bones only
B. air-filled spaces found within all bones of the skull
C. not connected to the nasal cavity
D. divided at the midline by the nasal septum
5. Parts of the sphenoid bone include the ________.

A. sella turcica
B. squamous portion
C. glabella
D. zygomatic process
6. The bony openings of the skull include the ________.

A. carotid canal, which is located in the anterior cranial fossa
B. superior orbital fissure, which is located at the superior margin of the anterior orbit
C. mental foramen, which is located just below the orbit
D. hypoglossal canal, which is located in the posterior cranial fossa

Critical Thinking Questions
1. Define and list the bones that form the brain case or support the facial structures.
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2. Identify the major sutures of the skull, their locations, and the bones united by each.

3. Describe the anterior, middle, and posterior cranial fossae and their boundaries, and give the midline structure that divides each into right
and left areas.

4. Describe the parts of the nasal septum in both the dry and living skull.
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Glossary
alveolar process of the mandible
upper border of mandibular body that contains the lower teeth
alveolar process of the maxilla
curved, inferior margin of the maxilla that supports and anchors the upper teeth
angle of the mandible
rounded corner located at outside margin of the body and ramus junction
anterior cranial fossa
shallowest and most anterior cranial fossa of the cranial base that extends from the frontal bone to the lesser
wing of the sphenoid bone
articular tubercle
smooth ridge located on the inferior skull, immediately anterior to the mandibular fossa
brain case
portion of the skull that contains and protects the brain, consisting of the eight bones that form the cranial
base and rounded upper skull
calvaria
(also, skullcap) rounded top of the skull
carotid canal
zig-zag tunnel providing passage through the base of the skull for the internal carotid artery to the brain;
begins anteromedial to the styloid process and terminates in the middle cranial cavity, near the posteriorlateral base of the sella turcica
condylar process of the mandible
thickened upward projection from posterior margin of mandibular ramus
condyle
oval-shaped process located at the top of the condylar process of the mandible
coronal suture
joint that unites the frontal bone to the right and left parietal bones across the top of the skull

246 | LAYCI HARRISON

coronoid process of the mandible
flattened upward projection from the anterior margin of the mandibular ramus
cranial cavity
interior space of the skull that houses the brain
cranium
skull
cribriform plate
small, flattened areas with numerous small openings, located to either side of the midline in the floor of the
anterior cranial fossa; formed by the ethmoid bone
crista galli
small upward projection located at the midline in the floor of the anterior cranial fossa; formed by the ethmoid
bone
ethmoid air cell
one of several small, air-filled spaces located within the lateral sides of the ethmoid bone, between the orbit and
upper nasal cavity
ethmoid bone
unpaired bone that forms the roof and upper, lateral walls of the nasal cavity, portions of the floor of the
anterior cranial fossa and medial wall of orbit, and the upper portion of the nasal septum
external acoustic meatus
ear canal opening located on the lateral side of the skull
external occipital protuberance
small bump located at the midline on the posterior skull
facial bones
fourteen bones that support the facial structures and form the upper and lower jaws and the hard palate
foramen lacerum
irregular opening in the base of the skull, located inferior to the exit of carotid canal
foramen magnum
large opening in the occipital bone of the skull through which the spinal cord emerges and the vertebral
arteries enter the cranium
foramen ovale of the middle cranial fossa
oval-shaped opening in the floor of the middle cranial fossa
foramen rotundum
round opening in the floor of the middle cranial fossa, located between the superior orbital fissure and
foramen ovale
foramen spinosum
small opening in the floor of the middle cranial fossa, located lateral to the foramen ovale
frontal bone
unpaired bone that forms forehead, roof of orbit, and floor of anterior cranial fossa
frontal sinus
air-filled space within the frontal bone; most anterior of the paranasal sinuses
glabella
slight depression of frontal bone, located at the midline between the eyebrows
greater wings of sphenoid bone
lateral projections of the sphenoid bone that form the anterior wall of the middle cranial fossa and an area of
the lateral skull
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hard palate
bony structure that forms the roof of the mouth and floor of the nasal cavity, formed by the palatine process of
the maxillary bones and the horizontal plate of the palatine bones
horizontal plate
medial extension from the palatine bone that forms the posterior quarter of the hard palate
hypoglossal canal
paired openings that pass anteriorly from the anterior-lateral margins of the foramen magnum deep to the
occipital condyles
hypophyseal (pituitary) fossa
shallow depression on top of the sella turcica that houses the pituitary (hypophyseal) gland
inferior nasal concha
one of the paired bones that project from the lateral walls of the nasal cavity to form the largest and most
inferior of the nasal conchae
infraorbital foramen
opening located on anterior skull, below the orbit
infratemporal fossa
space on lateral side of skull, below the level of the zygomatic arch and deep (medial) to the ramus of the
mandible
internal acoustic meatus
opening into petrous ridge, located on the lateral wall of the posterior cranial fossa
jugular foramen
irregularly shaped opening located in the lateral floor of the posterior cranial cavity
lacrimal bone
paired bones that contribute to the anterior-medial wall of each orbit
lacrimal fossa
shallow depression in the anterior-medial wall of the orbit, formed by the lacrimal bone that gives rise to the
nasolacrimal canal
lambdoid suture
inverted V-shaped joint that unites the occipital bone to the right and left parietal bones on the posterior skull
lateral pterygoid plate
paired, flattened bony projections of the sphenoid bone located on the inferior skull, lateral to the medial
pterygoid plate
lesser wings of the sphenoid bone
lateral extensions of the sphenoid bone that form the bony lip separating the anterior and middle cranial fossae
lingula
small flap of bone located on the inner (medial) surface of mandibular ramus, next to the mandibular foramen
mandible
unpaired bone that forms the lower jaw bone; the only moveable bone of the skull
mandibular foramen
opening located on the inner (medial) surface of the mandibular ramus
mandibular fossa
oval depression located on the inferior surface of the skull
mandibular notch
large U-shaped notch located between the condylar process and coronoid process of the mandible
mastoid process
large bony prominence on the inferior, lateral skull, just behind the earlobe
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maxillary bone
(also, maxilla) paired bones that form the upper jaw and anterior portion of the hard palate
maxillary sinus
air-filled space located with each maxillary bone; largest of the paranasal sinuses
medial pterygoid plate
paired, flattened bony projections of the sphenoid bone located on the inferior skull medial to the lateral
pterygoid plate; form the posterior portion of the nasal cavity lateral wall
mental foramen
opening located on the anterior-lateral side of the mandibular body
mental protuberance
inferior margin of anterior mandible that forms the chin
middle cranial fossa
centrally located cranial fossa that extends from the lesser wings of the sphenoid bone to the petrous ridge
middle nasal concha
nasal concha formed by the ethmoid bone that is located between the superior and inferior conchae
mylohyoid line
bony ridge located along the inner (medial) surface of the mandibular body
nasal bone
paired bones that form the base of the nose
nasal cavity
opening through skull for passage of air
nasal conchae
curved bony plates that project from the lateral walls of the nasal cavity; include the superior and middle nasal
conchae, which are parts of the ethmoid bone, and the independent inferior nasal conchae bone
nasal septum
flat, midline structure that divides the nasal cavity into halves, formed by the perpendicular plate of the
ethmoid bone, vomer bone, and septal cartilage
nasolacrimal canal
passage for drainage of tears that extends downward from the medial-anterior orbit to the nasal cavity,
terminating behind the inferior nasal conchae
occipital bone
unpaired bone that forms the posterior portions of the brain case and base of the skull
occipital condyle
paired, oval-shaped bony knobs located on the inferior skull, to either side of the foramen magnum
optic canal
opening spanning between middle cranial fossa and posterior orbit
orbit
bony socket that contains the eyeball and associated muscles
palatine bone
paired bones that form the posterior quarter of the hard palate and a small area in floor of the orbit
palatine process
medial projection from the maxilla bone that forms the anterior three quarters of the hard palate
paranasal sinuses
cavities within the skull that are connected to the conchae that serve to warm and humidify incoming air,
produce mucus, and lighten the weight of the skull; consist of frontal, maxillary, sphenoidal, and ethmoidal
sinuses
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parietal bone
paired bones that form the upper, lateral sides of the skull
perpendicular plate of the ethmoid bone
downward, midline extension of the ethmoid bone that forms the superior portion of the nasal septum
petrous ridge
petrous portion of the temporal bone that forms a large, triangular ridge in the floor of the cranial cavity,
separating the middle and posterior cranial fossae; houses the middle and inner ear structures
posterior cranial fossa
deepest and most posterior cranial fossa; extends from the petrous ridge to the occipital bone
pterion
H-shaped suture junction region that unites the frontal, parietal, temporal, and sphenoid bones on the lateral
side of the skull
ramus of the mandible
vertical portion of the mandible
sagittal suture
joint that unites the right and left parietal bones at the midline along the top of the skull
sella turcica
elevated area of sphenoid bone located at midline of the middle cranial fossa
septal cartilage
flat cartilage structure that forms the anterior portion of the nasal septum
sphenoid bone
unpaired bone that forms the central base of skull
sphenoid sinus
air-filled space located within the sphenoid bone; most posterior of the paranasal sinuses
squamous suture
joint that unites the parietal bone to the squamous portion of the temporal bone on the lateral side of the skull
styloid process
downward projecting, elongated bony process located on the inferior aspect of the skull
stylomastoid foramen
opening located on inferior skull, between the styloid process and mastoid process
superior nasal concha
smallest and most superiorly located of the nasal conchae; formed by the ethmoid bone
superior nuchal line
paired bony lines on the posterior skull that extend laterally from the external occipital protuberance
superior orbital fissure
irregularly shaped opening between the middle cranial fossa and the posterior orbit
supraorbital foramen
opening located on anterior skull, at the superior margin of the orbit
supraorbital margin
superior margin of the orbit
suture
junction line at which adjacent bones of the skull are united by fibrous connective tissue
temporal bone
paired bones that form the lateral, inferior portions of the skull, with squamous, mastoid, and petrous portions
temporal fossa
shallow space on the lateral side of the skull, above the level of the zygomatic arch
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temporal process of the zygomatic bone
short extension from the zygomatic bone that forms the anterior portion of the zygomatic arch
vomer bone
unpaired bone that forms the inferior and posterior portions of the nasal septum
zygomatic arch
elongated, free-standing arch on the lateral skull, formed anteriorly by the temporal process of the zygomatic
bone and posteriorly by the zygomatic process of the temporal bone
zygomatic bone
cheekbone; paired bones that contribute to the lateral orbit and anterior zygomatic arch
zygomatic process of the temporal bone
extension from the temporal bone that forms the posterior portion of the zygomatic arch

Solutions
Answers for Review Questions

1. A
2. B
3. D
4. A
5. A
6. D
Answers for Critical Thinking Questions

1. The brain case is that portion of the skull that surrounds and protects the brain. It is subdivided into the rounded top of the skull,
called the calvaria, and the base of the skull. There are eight bones that form the brain case. These are the paired parietal and
temporal bones, plus the unpaired frontal, occipital, sphenoid, and ethmoid bones. The facial bones support the facial structures,
and form the upper and lower jaws, nasal cavity, nasal septum, and orbit. There are 14 facial bones. These are the paired maxillary,
palatine, zygomatic, nasal, lacrimal, and inferior nasal conchae bones, and the unpaired vomer and mandible bones.
2. The coronal suture passes across the top of the anterior skull. It unites the frontal bone anteriorly with the right and left parietal
bones. The sagittal suture runs at the midline on the top of the skull. It unites the right and left parietal bones with each other. The
squamous suture is a curved suture located on the lateral side of the skull. It unites the squamous portion of the temporal bone to
the parietal bone. The lambdoid suture is located on the posterior skull and has an inverted V-shape. It unites the occipital bone with
the right and left parietal bones.
3. The anterior cranial fossa is the shallowest of the three cranial fossae. It extends from the frontal bone anteriorly to the lesser wing of
the sphenoid bone posteriorly. It is divided at the midline by the crista galli and cribriform plates of the ethmoid bone. The middle
cranial fossa is located in the central skull, and is deeper than the anterior fossa. The middle fossa extends from the lesser wing of
the sphenoid bone anteriorly to the petrous ridge posteriorly. It is divided at the midline by the sella turcica. The posterior cranial
fossa is the deepest fossa. It extends from the petrous ridge anteriorly to the occipital bone posteriorly. The large foramen magnum
is located at the midline of the posterior fossa.
4. There are two bony parts of the nasal septum in the dry skull. The perpendicular plate of the ethmoid bone forms the superior part
of the septum. The vomer bone forms the inferior and posterior parts of the septum. In the living skull, the septal cartilage
completes the septum by filling in the anterior area between the bony components and extending outward into the nose.
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Central Processing

Learning Objectives
By the end of this section, you will be able to:

• Describe the pathways that sensory systems follow into the central nervous system
• Differentiate between the two major ascending pathways in the spinal cord
• Describe the pathway of somatosensory input from the face and compare it to the ascending pathways in the spinal cord
• Explain topographical representations of sensory information in at least two systems
• Describe two pathways of visual processing and the functions associated with each

Sensory Pathways
Specific regions of the CNS coordinate different somatic processes using sensory inputs and motor outputs of
peripheral nerves. A simple case is a reflex caused by a synapse between a dorsal sensory neuron axon and a motor
neuron in the ventral horn. More complex arrangements are possible to integrate peripheral sensory information
with higher processes. The important regions of the CNS that play a role in somatic processes can be separated into
the spinal cord brain stem, diencephalon, cerebral cortex, and subcortical structures.

Spinal Cord and Brain Stem
A sensory pathway that carries peripheral sensations to the brain is referred to as an ascending pathway, or
ascending tract. The various sensory modalities each follow specific pathways through the CNS. Tactile and other
somatosensory stimuli activate receptors in the skin, muscles, tendons, and joints throughout the entire body.
However, the somatosensory pathways are divided into two separate systems on the basis of the location of the
receptor neurons. Somatosensory stimuli from below the neck pass along the sensory pathways of the spinal cord,
whereas somatosensory stimuli from the head and neck travel through the cranial nerves—specifically, the
trigeminal system.
The dorsal column system (sometimes referred to as the dorsal column–medial lemniscus) and the spinothalamic
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tract are two major pathways that bring sensory information to the brain (Figure 1). The sensory pathways in each of
these systems are composed of three successive neurons.
The dorsal column system begins with the axon of a dorsal root ganglion neuron entering the dorsal root and
joining the dorsal column white matter in the spinal cord. As axons of this pathway enter the dorsal column, they
take on a positional arrangement so that axons from lower levels of the body position themselves medially, whereas
axons from upper levels of the body position themselves laterally. The dorsal column is separated into two component
tracts, the fasciculus gracilis that contains axons from the legs and lower body, and the fasciculus cuneatus that
contains axons from the upper body and arms.
The axons in the dorsal column terminate in the nuclei of the medulla, where each synapses with the second
neuron in their respective pathway. The nucleus gracilis is the target of fibers in the fasciculus gracilis, whereas the
nucleus cuneatus is the target of fibers in the fasciculus cuneatus. The second neuron in the system projects from one
of the two nuclei and then decussates, or crosses the midline of the medulla. These axons then continue to ascend
the brain stem as a bundle called the medial lemniscus. These axons terminate in the thalamus, where each synapses
with the third neuron in their respective pathway. The third neuron in the system projects its axons to the postcentral
gyrus of the cerebral cortex, where somatosensory stimuli are initially processed and the conscious perception of the
stimulus occurs.
The spinothalamic tract also begins with neurons in a dorsal root ganglion. These neurons extend their axons to
the dorsal horn, where they synapse with the second neuron in their respective pathway. The name “spinothalamic”
comes from this second neuron, which has its cell body in the spinal cord gray matter and connects to the thalamus.
Axons from these second neurons then decussate within the spinal cord and ascend to the brain and enter the
thalamus, where each synapses with the third neuron in its respective pathway. The neurons in the thalamus then
project their axons to the spinothalamic tract, which synapses in the postcentral gyrus of the cerebral cortex.
These two systems are similar in that they both begin with dorsal root ganglion cells, as with most general sensory
information. The dorsal column system is primarily responsible for touch sensations and proprioception, whereas
the spinothalamic tract pathway is primarily responsible for pain and temperature sensations. Another similarity is
that the second neurons in both of these pathways are contralateral, because they project across the midline to the
other side of the brain or spinal cord. In the dorsal column system, this decussation takes place in the brain stem; in
the spinothalamic pathway, it takes place in the spinal cord at the same spinal cord level at which the information
entered. The third neurons in the two pathways are essentially the same. In both, the second neuron synapses in the
thalamus, and the thalamic neuron projects to the somatosensory cortex.
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Figure 1. Ascending Sensory Pathways of the Spinal Cord. The dorsal column system and spinothalamic tract are the major
ascending pathways that connect the periphery with the brain.

The trigeminal pathway carries somatosensory information from the face, head, mouth, and nasal cavity. As with
the previously discussed nerve tracts, the sensory pathways of the trigeminal pathway each involve three successive
neurons. First, axons from the trigeminal ganglion enter the brain stem at the level of the pons. These axons project
to one of three locations. The spinal trigeminal nucleus of the medulla receives information similar to that carried by
spinothalamic tract, such as pain and temperature sensations. Other axons go to either the chief sensory nucleus in
the pons or the mesencephalic nuclei in the midbrain. These nuclei receive information like that carried by the dorsal
column system, such as touch, pressure, vibration, and proprioception. Axons from the second neuron decussate and
ascend to the thalamus along the trigeminothalamic tract. In the thalamus, each axon synapses with the third neuron
in its respective pathway. Axons from the third neuron then project from the thalamus to the primary somatosensory
cortex of the cerebrum.
The sensory pathway for gustation travels along the facial and glossopharyngeal cranial nerves, which synapse
with neurons of the solitary nucleus in the brain stem. Axons from the solitary nucleus then project to the ventral
posterior nucleus of the thalamus. Finally, axons from the ventral posterior nucleus project to the gustatory cortex of
the cerebral cortex, where taste is processed and consciously perceived.
The sensory pathway for audition travels along the vestibulocochlear nerve, which synapses with neurons in the
ANATOMICAL BASIS OF INJURY | 255

cochlear nuclei of the superior medulla. Within the brain stem, input from either ear is combined to extract location
information from the auditory stimuli. Whereas the initial auditory stimuli received at the cochlea strictly represent
the frequency—or pitch—of the stimuli, the locations of sounds can be determined by comparing information
arriving at both ears.
Sound localization is a feature of central processing in the auditory nuclei of the brain stem. Sound localization
is achieved by the brain calculating the interaural time difference and the interaural intensity difference. A sound
originating from a specific location will arrive at each ear at different times, unless the sound is directly in front of
the listener. If the sound source is slightly to the left of the listener, the sound will arrive at the left ear microseconds
before it arrives at the right ear (Figure 2). This time difference is an example of an interaural time difference. Also,
the sound will be slightly louder in the left ear than in the right ear because some of the sound waves reaching the
opposite ear are blocked by the head. This is an example of an interaural intensity difference.
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Figure 2. Auditory Brain Stem Mechanisms of Sound Localization.
Localizing sound in the horizontal plane is achieved by processing
in the medullary nuclei of the auditory system. Connections
between neurons on either side are able to compare very slight
differences in sound stimuli that arrive at either ear and represent
interaural time and intensity differences.

Auditory processing continues on to a nucleus in the midbrain called the inferior colliculus. Axons from the inferior
colliculus project to two locations, the thalamus and the superior colliculus. The medial geniculate nucleus of the
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thalamus receives the auditory information and then projects that information to the auditory cortex in the temporal
lobe of the cerebral cortex. The superior colliculus receives input from the visual and somatosensory systems, as well
as the ears, to initiate stimulation of the muscles that turn the head and neck toward the auditory stimulus.
Balance is coordinated through the vestibular system, the nerves of which are composed of axons from the
vestibular ganglion that carries information from the utricle, saccule, and semicircular canals. The system
contributes to controlling head and neck movements in response to vestibular signals. An important function of
the vestibular system is coordinating eye and head movements to maintain visual attention. Most of the axons
terminate in the vestibular nuclei of the medulla. Some axons project from the vestibular ganglion directly to
the cerebellum, with no intervening synapse in the vestibular nuclei. The cerebellum is primarily responsible for
initiating movements on the basis of equilibrium information.
Neurons in the vestibular nuclei project their axons to targets in the brain stem. One target is the reticular
formation, which influences respiratory and cardiovascular functions in relation to body movements. A second
target of the axons of neurons in the vestibular nuclei is the spinal cord, which initiates the spinal reflexes involved
with posture and balance. To assist the visual system, fibers of the vestibular nuclei project to the oculomotor,
trochlear, and abducens nuclei to influence signals sent along the cranial nerves. These connections constitute the
pathway of the vestibulo-ocular reflex (VOR), which compensates for head and body movement by stabilizing images
on the retina (Figure 3). Finally, the vestibular nuclei project to the thalamus to join the proprioceptive pathway of the
dorsal column system, allowing conscious perception of equilibrium.

258 | LAYCI HARRISON

Figure 3. Vestibulo-ocular Reflex. Connections between the vestibular system and the cranial nerves controlling
eye movement keep the eyes centered on a visual stimulus, even though the head is moving. During head
movement, the eye muscles move the eyes in the opposite direction as the head movement, keeping the visual
stimulus centered in the field of view.

The connections of the optic nerve are more complicated than those of other cranial nerves. Instead of the
connections being between each eye and the brain, visual information is segregated between the left and right sides
of the visual field. In addition, some of the information from one side of the visual field projects to the opposite side of
the brain. Within each eye, the axons projecting from the medial side of the retina decussate at the optic chiasm. For
example, the axons from the medial retina of the left eye cross over to the right side of the brain at the optic chiasm.
However, within each eye, the axons projecting from the lateral side of the retina do not decussate. For example, the
axons from the lateral retina of the right eye project back to the right side of the brain. Therefore the left field of view
of each eye is processed on the right side of the brain, whereas the right field of view of each eye is processed on the
left side of the brain (Figure 4).
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Figure 4. Segregation of Visual Field Information at the Optic Chiasm. Contralateral visual
field information from the lateral retina projects to the ipsilateral brain, whereas ipsilateral
visual field information has to decussate at the optic chiasm to reach the opposite side of
the brain.

A unique clinical presentation that relates to this anatomic arrangement is the loss of lateral peripheral vision, known
as bilateral hemianopia. This is different from “tunnel vision” because the superior and inferior peripheral fields are
not lost. Visual field deficits can be disturbing for a patient, but in this case, the cause is not within the visual system
itself. A growth of the pituitary gland presses against the optic chiasm and interferes with signal transmission.
However, the axons projecting to the same side of the brain are unaffected. Therefore, the patient loses the outermost
areas of their field of vision and cannot see objects to their right and left.
Extending from the optic chiasm, the axons of the visual system are referred to as the optic tract instead of the
optic nerve. The optic tract has three major targets, two in the diencephalon and one in the midbrain. The connection
between the eyes and diencephalon is demonstrated during development, in which the neural tissue of the retina
differentiates from that of the diencephalon by the growth of the secondary vesicles. The connections of the retina
into the CNS are a holdover from this developmental association. The majority of the connections of the optic tract
are to the thalamus—specifically, the lateral geniculate nucleus. Axons from this nucleus then project to the visual
cortex of the cerebrum, located in the occipital lobe. Another target of the optic tract is the superior colliculus.
In addition, a very small number of RGC axons project from the optic chiasm to the suprachiasmatic nucleus of
the hypothalamus. These RGCs are photosensitive, in that they respond to the presence or absence of light. Unlike
the photoreceptors, however, these photosensitive RGCs cannot be used to perceive images. By simply responding
to the absence or presence of light, these RGCs can send information about day length. The perceived proportion of
sunlight to darkness establishes the circadian rhythm of our bodies, allowing certain physiological events to occur at
approximately the same time every day.
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Diencephalon
The diencephalon is beneath the cerebrum and includes the thalamus and hypothalamus. In the somatic nervous
system, the thalamus is an important relay for communication between the cerebrum and the rest of the nervous
system. The hypothalamus has both somatic and autonomic functions. In addition, the hypothalamus communicates
with the limbic system, which controls emotions and memory functions.
Sensory input to the thalamus comes from most of the special senses and ascending somatosensory tracts. Each
sensory system is relayed through a particular nucleus in the thalamus. The thalamus is a required transfer point
for most sensory tracts that reach the cerebral cortex, where conscious sensory perception begins. The one exception
to this rule is the olfactory system. The olfactory tract axons from the olfactory bulb project directly to the cerebral
cortex, along with the limbic system and hypothalamus.
The thalamus is a collection of several nuclei that can be categorized into three anatomical groups. White matter
running through the thalamus defines the three major regions of the thalamus, which are an anterior nucleus, a
medial nucleus, and a lateral group of nuclei. The anterior nucleus serves as a relay between the hypothalamus
and the emotion and memory-producing limbic system. The medial nuclei serve as a relay for information from
the limbic system and basal ganglia to the cerebral cortex. This allows memory creation during learning, but also
determines alertness. The special and somatic senses connect to the lateral nuclei, where their information is relayed
to the appropriate sensory cortex of the cerebrum.

Cortical Processing
As described earlier, many of the sensory axons are positioned in the same way as their corresponding receptor cells
in the body. This allows identification of the position of a stimulus on the basis of which receptor cells are sending
information. The cerebral cortex also maintains this sensory topography in the particular areas of the cortex that
correspond to the position of the receptor cells. The somatosensory cortex provides an example in which, in essence,
the locations of the somatosensory receptors in the body are mapped onto the somatosensory cortex. This mapping
is often depicted using a sensory homunculus (Figure 5).
The term homunculus comes from the Latin word for “little man” and refers to a map of the human body that is
laid across a portion of the cerebral cortex. In the somatosensory cortex, the external genitals, feet, and lower legs are
represented on the medial face of the gyrus within the longitudinal fissure. As the gyrus curves out of the fissure and
along the surface of the parietal lobe, the body map continues through the thighs, hips, trunk, shoulders, arms, and
hands. The head and face are just lateral to the fingers as the gyrus approaches the lateral sulcus. The representation
of the body in this topographical map is medial to lateral from the lower to upper body. It is a continuation of the
topographical arrangement seen in the dorsal column system, where axons from the lower body are carried in the
fasciculus gracilis, whereas axons from the upper body are carried in the fasciculus cuneatus. As the dorsal column
system continues into the medial lemniscus, these relationships are maintained. Also, the head and neck axons
running from the trigeminal nuclei to the thalamus run adjacent to the upper body fibers. The connections through
the thalamus maintain topography such that the anatomic information is preserved. Note that this correspondence
does not result in a perfectly miniature scale version of the body, but rather exaggerates the more sensitive areas of
the body, such as the fingers and lower face. Less sensitive areas of the body, such as the shoulders and back, are
mapped to smaller areas on the cortex.
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Figure 5. The Sensory Homunculus. A cartoon representation of the sensory homunculus
arranged adjacent to the cortical region in which the processing takes place.

Likewise, the topographic relationship between the retina and the visual cortex is maintained throughout the visual
pathway. The visual field is projected onto the two retinae, as described above, with sorting at the optic chiasm. The
right peripheral visual field falls on the medial portion of the right retina and the lateral portion of the left retina. The
right medial retina then projects across the midline through the optic chiasm. This results in the right visual field
being processed in the left visual cortex. Likewise, the left visual field is processed in the right visual cortex (see Figure
4). Though the chiasm is helping to sort right and left visual information, superior and inferior visual information is
maintained topographically in the visual pathway. Light from the superior visual field falls on the inferior retina, and
light from the inferior visual field falls on the superior retina. This topography is maintained such that the superior
region of the visual cortex processes the inferior visual field and vice versa. Therefore, the visual field information is
inverted and reversed as it enters the visual cortex—up is down, and left is right. However, the cortex processes the
visual information such that the final conscious perception of the visual field is correct. The topographic relationship
is evident in that information from the foveal region of the retina is processed in the center of the primary visual
cortex. Information from the peripheral regions of the retina are correspondingly processed toward the edges of
the visual cortex. Similar to the exaggerations in the sensory homunculus of the somatosensory cortex, the fovealprocessing area of the visual cortex is disproportionately larger than the areas processing peripheral vision.
In an experiment performed in the 1960s, subjects wore prism glasses so that the visual field was inverted before
reaching the eye. On the first day of the experiment, subjects would duck when walking up to a table, thinking it
was suspended from the ceiling. However, after a few days of acclimation, the subjects behaved as if everything were
represented correctly. Therefore, the visual cortex is somewhat flexible in adapting to the information it receives
from our eyes (Figure 6).
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Figure 6. Topographic Mapping of the Retina onto the Visual Cortex. The visual field
projects onto the retina through the lenses and falls on the retinae as an inverted,
reversed image. The topography of this image is maintained as the visual information
travels through the visual pathway to the cortex.

The cortex has been described as having specific regions that are responsible for processing specific information;
there is the visual cortex, somatosensory cortex, gustatory cortex, etc. However, our experience of these senses is
not divided. Instead, we experience what can be referred to as a seamless percept. Our perceptions of the various
sensory modalities—though distinct in their content—are integrated by the brain so that we experience the world as
a continuous whole.
In the cerebral cortex, sensory processing begins at the primary sensory cortex, then proceeds to an association
area, and finally, into a multimodal integration area. For example, the visual pathway projects from the retinae
through the thalamus to the primary visual cortex in the occipital lobe. This area is primarily in the medial wall within
the longitudinal fissure. Here, visual stimuli begin to be recognized as basic shapes. Edges of objects are recognized
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and built into more complex shapes. Also, inputs from both eyes are compared to extract depth information. Because
of the overlapping field of view between the two eyes, the brain can begin to estimate the distance of stimuli based on
binocular depth cues.

Watch this video to learn
more about how the brain
perceives 3-D motion.

Watch this video to learn more about how the brain perceives 3-D motion. Similar to how retinal disparity offers 3-D
moviegoers a way to extract 3-D information from the two-dimensional visual field projected onto the retina, the
brain can extract information about movement in space by comparing what the two eyes see. If movement of a visual
stimulus is leftward in one eye and rightward in the opposite eye, the brain interprets this as movement toward (or
away) from the face along the midline. If both eyes see an object moving in the same direction, but at different rates,
what would that mean for spatial movement?
Everyday Connections
Depth Perception, 3-D Movies, and Optical Illusions
The visual field is projected onto the retinal surface, where photoreceptors transduce light energy into neural signals
for the brain to interpret. The retina is a two-dimensional surface, so it does not encode three-dimensional
information. However, we can perceive depth. How is that accomplished?
Two ways in which we can extract depth information from the two-dimensional retinal signal are based on
monocular cues and binocular cues, respectively. Monocular depth cues are those that are the result of information
within the two-dimensional visual field. One object that overlaps another object has to be in front. Relative size
differences are also a cue. For example, if a basketball appears larger than the basket, then the basket must be
further away. On the basis of experience, we can estimate how far away the basket is. Binocular depth cues compare
information represented in the two retinae because they do not see the visual field exactly the same.
The centers of the two eyes are separated by a small distance, which is approximately 6 to 6.5 cm in most people.
Because of this offset, visual stimuli do not fall on exactly the same spot on both retinae unless we are fixated directly
on them and they fall on the fovea of each retina. All other objects in the visual field, either closer or farther away than
the fixated object, will fall on different spots on the retina. When vision is fixed on an object in space, closer objects
will fall on the lateral retina of each eye, and more distant objects will fall on the medial retina of either eye (Figure
7). This is easily observed by holding a finger up in front of your face as you look at a more distant object. You will see
two images of your finger that represent the two disparate images that are falling on either retina.
These depth cues, both monocular and binocular, can be exploited to make the brain think there are three
dimensions in two-dimensional information. This is the basis of 3-D movies. The projected image on the screen is two
dimensional, but it has disparate information embedded in it. The 3-D glasses that are available at the theater filter
the information so that only one eye sees one version of what is on the screen, and the other eye sees the other version.
If you take the glasses off, the image on the screen will have varying amounts of blur because both eyes are seeing
both layers of information, and the third dimension will not be evident. Some optical illusions can take advantage of
depth cues as well, though those are more often using monocular cues to fool the brain into seeing different parts of
the scene as being at different depths.
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Figure 7. Retinal Disparity. Because of the interocular distance, which results in objects of
different distances falling on different spots of the two retinae, the brain can extract
depth perception from the two-dimensional information of the visual field.

There are two main regions that surround the primary cortex that are usually referred to as areas V2 and V3 (the
primary visual cortex is area V1). These surrounding areas are the visual association cortex. The visual association
regions develop more complex visual perceptions by adding color and motion information. The information
processed in these areas is then sent to regions of the temporal and parietal lobes. Visual processing has two separate
streams of processing: one into the temporal lobe and one into the parietal lobe. These are the ventral and dorsal
streams, respectively (Figure 8). The ventral stream identifies visual stimuli and their significance. Because the
ventral stream uses temporal lobe structures, it begins to interact with the non-visual cortex and may be important
in visual stimuli becoming part of memories. The dorsal stream locates objects in space and helps in guiding
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movements of the body in response to visual inputs. The dorsal stream enters the parietal lobe, where it interacts
with somatosensory cortical areas that are important for our perception of the body and its movements. The dorsal
stream can then influence frontal lobe activity where motor functions originate.

Figure 8. Ventral and Dorsal Visual Streams. From the primary visual cortex in the occipital lobe, visual
processing continues in two streams—one into the temporal lobe and one into the parietal lobe.

Disorders of the…
Brain: Prosopagnosia
The failures of sensory perception can be unusual and debilitating. A particular sensory deficit that inhibits an
important social function of humans is prosopagnosia, or face blindness. The word comes from the Greek words
prosopa, that means “faces,” and agnosia, that means “not knowing.” Some people may feel that they cannot
recognize people easily by their faces. However, a person with prosopagnosia cannot recognize the most recognizable
people in their respective cultures. They would not recognize the face of a celebrity, an important historical figure, or
even a family member like their mother. They may not even recognize their own face.
Prosopagnosia can be caused by trauma to the brain, or it can be present from birth. The exact cause of
proposagnosia and the reason that it happens to some people is unclear. A study of the brains of people born
with the deficit found that a specific region of the brain, the anterior fusiform gyrus of the temporal lobe, is
often underdeveloped. This region of the brain is concerned with the recognition of visual stimuli and its possible
association with memories. Though the evidence is not yet definitive, this region is likely to be where facial
recognition occurs.
Though this can be a devastating condition, people who suffer from it can get by—often by using other cues to
recognize the people they see. Often, the sound of a person’s voice, or the presence of unique cues such as distinct
facial features (a mole, for example) or hair color can help the sufferer recognize a familiar person. In the video on
prosopagnosia provided in this section, a woman is shown having trouble recognizing celebrities, family members,
and herself. In some situations, she can use other cues to help her recognize faces.
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Watch this video to learn
more about a person who
lost the ability to recognize
faces as the result of an
injury.

The inability to recognize people by their faces is a troublesome problem. It can be caused by trauma, or it may be
inborn. Watch this video to learn more about a person who lost the ability to recognize faces as the result of an injury.
She cannot recognize the faces of close family members or herself. What other information can a person suffering
from prosopagnosia use to figure out whom they are seeing?

Chapter Review
Sensory input to the brain enters through pathways that travel through either the spinal cord (for somatosensory
input from the body) or the brain stem (for everything else, except the visual and olfactory systems) to reach the
diencephalon. In the diencephalon, sensory pathways reach the thalamus. This is necessary for all sensory systems to
reach the cerebral cortex, except for the olfactory system that is directly connected to the frontal and temporal lobes.
The two major tracts in the spinal cord, originating from sensory neurons in the dorsal root ganglia, are the dorsal
column system and the spinothalamic tract. The major differences between the two are in the type of information
that is relayed to the brain and where the tracts decussate. The dorsal column system primarily carries information
about touch and proprioception and crosses the midline in the medulla. The spinothalamic tract is primarily
responsible for pain and temperature sensation and crosses the midline in the spinal cord at the level at which it
enters. The trigeminal nerve adds similar sensation information from the head to these pathways.
The auditory pathway passes through multiple nuclei in the brain stem in which additional information is
extracted from the basic frequency stimuli processed by the cochlea. Sound localization is made possible through
the activity of these brain stem structures. The vestibular system enters the brain stem and influences activity in the
cerebellum, spinal cord, and cerebral cortex.
The visual pathway segregates information from the two eyes so that one half of the visual field projects to the
other side of the brain. Within visual cortical areas, the perception of the stimuli and their location is passed along
two streams, one ventral and one dorsal. The ventral visual stream connects to structures in the temporal lobe that
are important for long-term memory formation. The dorsal visual stream interacts with the somatosensory cortex in
the parietal lobe, and together they can influence the activity in the frontal lobe to generate movements of the body
in relation to visual information.

Interactive Link Questions
Watch this video to learn more about how the brain perceives 3-D motion. Similar to how retinal disparity offers 3-D
moviegoers a way to extract 3-D information from the two-dimensional visual field projected onto the retina, the
brain can extract information about movement in space by comparing what the two eyes see. If movement of a visual
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stimulus is leftward in one eye and rightward in the opposite eye, the brain interprets this as movement toward (or
away) from the face along the midline. If both eyes see an object moving in the same direction, but at different rates,
what would that mean for spatial movement?
Whereas the video shows opposite movement information in each eye for an object moving toward the face on the
midline, movement past one side of the head will result in movement in the same direction on both retinae, but it
will be slower in the eye on the side nearer to the object.
The inability to recognize people by their faces is a troublesome problem. It can be caused by trauma, or it may be
inborn. Watch this video to learn more about a person who lost the ability to recognize faces as the result of an injury.
She cannot recognize the faces of close family members or herself. What other information can a person suffering
from prosopagnosia use to figure out whom they are seeing?
Even if a person cannot recognize a person’s face, other cues such as clothing, hairstyle, or a particular feature such
as a prominent nose or facial hair, can help make an identification.

Review Questions
1. Which of these sensory modalities does not pass through the ventral posterior thalamus?

A. gustatory
B. proprioception
C. audition
D. nociception
2. Which nucleus in the medulla is connected to the inferior colliculus?

A. solitary nucleus
B. vestibular nucleus
C. chief sensory nucleus
D. cochlear nucleus
3. Visual stimuli in the upper-left visual field will be processed in what region of the primary visual cortex?

A. inferior right
B. inferior left
C. superior right
D. superior left
4. Which location on the body has the largest region of somatosensory cortex representing it, according to the sensory homunculus?

A. lips
B. thigh
C. elbow
D. neck
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5. Which of the following is a direct target of the vestibular ganglion?

A. superior colliculus
B. cerebellum
C. thalamus
D. optic chiasm

Critical Thinking Questions
1. Following a motorcycle accident, the victim loses the ability to move the right leg but has normal control over the left one, suggesting a
hemisection somewhere in the thoracic region of the spinal cord. What sensory deficits would be expected in terms of touch versus pain?
Explain your answer.

2. A pituitary tumor can cause perceptual losses in the lateral visual field. The pituitary gland is located directly inferior to the hypothalamus.
Why would this happen?

Glossary
ascending pathway
fiber structure that relays sensory information from the periphery through the spinal cord and brain stem to
other structures of the brain
association area
region of cortex connected to a primary sensory cortical area that further processes the information to
generate more complex sensory perceptions
binocular depth cues
indications of the distance of visual stimuli on the basis of slight differences in the images projected onto
either retina
chief sensory nucleus
component of the trigeminal nuclei that is found in the pons
circadian rhythm
internal perception of the daily cycle of light and dark based on retinal activity related to sunlight
decussate
to cross the midline, as in fibers that project from one side of the body to the other
dorsal column system
ascending tract of the spinal cord associated with fine touch and proprioceptive sensations
dorsal stream
connections between cortical areas from the occipital to parietal lobes that are responsible for the perception of
visual motion and guiding movement of the body in relation to that motion
fasciculus cuneatus
lateral division of the dorsal column system composed of fibers from sensory neurons in the upper body
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fasciculus gracilis
medial division of the dorsal column system composed of fibers from sensory neurons in the lower body
inferior colliculus
last structure in the auditory brainstem pathway that projects to the thalamus and superior colliculus
interaural intensity difference
cue used to aid sound localization in the horizontal plane that compares the relative loudness of sounds at the
two ears, because the ear closer to the sound source will hear a slightly more intense sound
interaural time difference
cue used to help with sound localization in the horizontal plane that compares the relative time of arrival of
sounds at the two ears, because the ear closer to the sound source will receive the stimulus microseconds
before the other ear
lateral geniculate nucleus
thalamic target of the RGCs that projects to the visual cortex
medial geniculate nucleus
thalamic target of the auditory brain stem that projects to the auditory cortex
medial lemniscus
fiber tract of the dorsal column system that extends from the nuclei gracilis and cuneatus to the thalamus, and
decussates
mesencephalic nucleus
component of the trigeminal nuclei that is found in the midbrain
multimodal integration area
region of the cerebral cortex in which information from more than one sensory modality is processed to arrive
at higher level cortical functions such as memory, learning, or cognition
nucleus cuneatus
medullary nucleus at which first-order neurons of the dorsal column system synapse specifically from the
upper body and arms
nucleus gracilis
medullary nucleus at which first-order neurons of the dorsal column system synapse specifically from the lower
body and legs
optic chiasm
decussation point in the visual system at which medial retina fibers cross to the other side of the brain
optic tract
name for the fiber structure containing axons from the retina posterior to the optic chiasm representing their
CNS location
primary sensory cortex
region of the cerebral cortex that initially receives sensory input from an ascending pathway from the thalamus
and begins the processing that will result in conscious perception of that modality
sensory homunculus
topographic representation of the body within the somatosensory cortex demonstrating the correspondence
between neurons processing stimuli and sensitivity
solitary nucleus
medullar nucleus that receives taste information from the facial and glossopharyngeal nerves
spinal trigeminal nucleus
component of the trigeminal nuclei that is found in the medulla
spinothalamic tract
ascending tract of the spinal cord associated with pain and temperature sensations
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superior colliculus
structure in the midbrain that combines visual, auditory, and somatosensory input to coordinate spatial and
topographic representations of the three sensory systems
suprachiasmatic nucleus
hypothalamic target of the retina that helps to establish the circadian rhythm of the body on the basis of the
presence or absence of daylight
ventral posterior nucleus
nucleus in the thalamus that is the target of gustatory sensations and projects to the cerebral cortex
ventral stream
connections between cortical areas from the occipital lobe to the temporal lobe that are responsible for
identification of visual stimuli
vestibular nuclei
targets of the vestibular component of the eighth cranial nerve
vestibulo-ocular reflex (VOR)
reflex based on connections between the vestibular system and the cranial nerves of eye movements that
ensures images are stabilized on the retina as the head and body move

Solutions
Answers for Review Questions

1. C
2. D
3. A
4. A
5. B
Answers for Critical Thinking Questions

1. The right leg would feel painful stimuli, but not touch, because the spinothalamic tract decussates at the level of entry, which would
be below the injury, whereas the dorsal column system does not decussate until reaching the brain stem, which would be above the
injury and thus those fibers would be damaged.
2. As the tumor enlarges, it would press against the optic chiasm, and fibers from the medial retina would be disrupted. These fibers
carry information about the lateral visual field because the visual scene is reversed as the light passes through the pupil and lens.
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20

Overview of the Neurological Exam

Learning Objectives
By the end of this section, you will be able to:

• List the major sections of the neurological exam
• Explain the connection between location and function in the nervous system
• Explain the benefit of a rapid assessment for neurological function in a clinical setting
• List the causes of neurological deficits
• Describe the different ischemic events in the nervous system

The neurological exam is a clinical assessment tool used to determine what specific parts of the CNS are affected
by damage or disease. It can be performed in a short time—sometimes as quickly as 5 minutes—to establish
neurological function. In the emergency department, this rapid assessment can make the difference with respect to
proper treatment and the extent of recovery that is possible.
The exam is a series of subtests separated into five major sections. The first of these is the mental status exam,
which assesses the higher cognitive functions such as memory, orientation, and language. Then there is the cranial
nerve exam, which tests the function of the 12 cranial nerves and, therefore, the central and peripheral structures
associated with them. The cranial nerve exam tests the sensory and motor functions of each of the nerves, as
applicable. Two major sections, the sensory exam and the motor exam, test the sensory and motor functions
associated with spinal nerves. Finally, the coordination exam tests the ability to perform complex and coordinated
movements. The gait exam, which is often considered a sixth major exam, specifically assesses the motor function of
walking and can be considered part of the coordination exam because walking is a coordinated movement.

Neuroanatomy and the Neurological Exam
Localization of function is the concept that circumscribed locations are responsible for specific functions. The
neurological exam highlights this relationship. For example, the cognitive functions that are assessed in the mental
status exam are based on functions in the cerebrum, mostly in the cerebral cortex. Several of the subtests examine
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language function. Deficits in neurological function uncovered by these examinations usually point to damage to
the left cerebral cortex. In the majority of individuals, language function is localized to the left hemisphere between
the superior temporal lobe and the posterior frontal lobe, including the intervening connections through the inferior
parietal lobe.
The five major sections of the neurological exam are related to the major regions of the CNS (Figure 1). The mental
status exam assesses functions related to the cerebrum. The cranial nerve exam is for the nerves that connect to the
diencephalon and brain stem (as well as the olfactory connections to the forebrain). The coordination exam and the
related gait exam primarily assess the functions of the cerebellum. The motor and sensory exams are associated with
the spinal cord and its connections through the spinal nerves.

Figure 1. Anatomical Underpinnings of the Neurological Exam. The
different regions of the CNS relate to the major sections of the
neurological exam: the mental status exam, cranial nerve exam, sensory
exam, motor exam, and coordination exam (including the gait exam).

Part of the power of the neurological exam is this link between structure and function. Testing the various functions
represented in the exam allows an accurate estimation of where the nervous system may be damaged. Consider the
patient described in the chapter introduction. In the emergency department, he is given a quick exam to find where
the deficit may be localized. Knowledge of where the damage occurred will lead to the most effective therapy.
In rapid succession, he is asked to smile, raise his eyebrows, stick out his tongue, and shrug his shoulders. The
doctor tests muscular strength by providing resistance against his arms and legs while he tries to lift them. With his
eyes closed, he has to indicate when he feels the tip of a pen touch his legs, arms, fingers, and face. He follows the
tip of a pen as the doctor moves it through the visual field and finally toward his face. A formal mental status exam
is not needed at this point; the patient will demonstrate any possible deficits in that area during normal interactions
with the interviewer. If cognitive or language deficits are apparent, the interviewer can pursue mental status in more
depth. All of this takes place in less than 5 minutes. The patient reports that he feels pins and needles in his left arm
and leg, and has trouble feeling the tip of the pen when he is touched on those limbs. This suggests a problem with
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the sensory systems between the spinal cord and the brain. The emergency department has a lead to follow before a
CT scan is performed. He is put on aspirin therapy to limit the possibility of blood clots forming, in case the cause is
an embolus—an obstruction such as a blood clot that blocks the flow of blood in an artery or vein.

Watch this video to see a
demonstration of the
neurological exam—a
series of tests that can be
performed rapidly when a
patient is initially brought
into an emergency
department.

Watch this video to see a demonstration of the neurological exam—a series of tests that can be performed rapidly
when a patient is initially brought into an emergency department. The exam can be repeated on a regular basis
to keep a record of how and if neurological function changes over time. In what order were the sections of the
neurological exam tested in this video, and which section seemed to be left out?

Causes of Neurological Deficits
Damage to the nervous system can be limited to individual structures or can be distributed across broad areas of the
brain and spinal cord. Localized, limited injury to the nervous system is most often the result of circulatory problems.
Neurons are very sensitive to oxygen deprivation and will start to deteriorate within 1 or 2 minutes, and permanent
damage (cell death) could result within a few hours. The loss of blood flow to part of the brain is known as a stroke,
or a cerebrovascular accident (CVA).
There are two main types of stroke, depending on how the blood supply is compromised: ischemic and
hemorrhagic. An ischemic stroke is the loss of blood flow to an area because vessels are blocked or narrowed. This is
often caused by an embolus, which may be a blood clot or fat deposit. Ischemia may also be the result of thickening
of the blood vessel wall, or a drop in blood volume in the brain known as hypovolemia.
A related type of CVA is known as a transient ischemic attack (TIA), which is similar to a stroke although it does
not last as long. The diagnostic definition of a stroke includes effects that last at least 24 hours. Any stroke symptoms
that are resolved within a 24-hour period because of restoration of adequate blood flow are classified as a TIA.
A hemorrhagic stroke is bleeding into the brain because of a damaged blood vessel. Accumulated blood fills a
region of the cranial vault and presses against the tissue in the brain (Figure 2). Physical pressure on the brain can
cause the loss of function, as well as the squeezing of local arteries resulting in compromised blood flow beyond the
site of the hemorrhage. As blood pools in the nervous tissue and the vasculature is damaged, the blood-brain barrier
can break down and allow additional fluid to accumulate in the region, which is known as edema.
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Figure 2. Hemorrhagic Stroke. (a) A hemorrhage into the tissue of the cerebrum results in a large
accumulation of blood with an additional edema in the adjacent tissue. The hemorrhagic area
causes the entire brain to be disfigured as suggested here by the lateral ventricles being squeezed
into the opposite hemisphere. (b) A CT scan shows an intraparenchymal hemorrhage within the
parietal lobe. (credit b: James Heilman)

Whereas hemorrhagic stroke may involve bleeding into a large region of the CNS, such as into the deep white matter
of a cerebral hemisphere, other events can cause widespread damage and loss of neurological functions. Infectious
diseases can lead to loss of function throughout the CNS as components of nervous tissue, specifically astrocytes and
microglia, react to the disease. Blunt force trauma, such as from a motor vehicle accident, can physically damage the
CNS.
A class of disorders that affect the nervous system are the neurodegenerative diseases: Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease, amyotrophic lateral sclerosis (ALS), Creutzfeld–Jacob disease, multiple
sclerosis (MS), and other disorders that are the result of nervous tissue degeneration. In diseases like Alzheimer’s,
Parkinson’s, or ALS, neurons die; in diseases like MS, myelin is affected. Some of these disorders affect motor
function, and others present with dementia. How patients with these disorders perform in the neurological exam
varies, but is often broad in its effects, such as memory deficits that compromise many aspects of the mental status
exam, or movement deficits that compromise aspects of the cranial nerve exam, the motor exam, or the coordination
exam. The causes of these disorders are also varied. Some are the result of genetics, such as Huntington’s disease,
or the result of autoimmunity, such as MS; others are not entirely understood, such as Alzheimer’s and Parkinson’s
diseases. Current research suggests that many of these diseases are related in how the degeneration takes place and
may be treated by common therapies.
Finally, a common cause of neurological changes is observed in developmental disorders. Whether the result
of genetic factors or the environment during development, there are certain situations that result in neurological
functions being different from the expected norms. Developmental disorders are difficult to define because they are
caused by defects that existed in the past and disrupted the normal development of the CNS. These defects probably
involve multiple environmental and genetic factors—most of the time, we don’t know what the cause is other than
that it is more complex than just one factor. Furthermore, each defect on its own may not be a problem, but when
several are added together, they can disrupt growth processes that are not well understand in the first place. For
instance, it is possible for a stroke to damage a specific region of the brain and lead to the loss of the ability to
recognize faces (prosopagnosia). The link between cell death in the fusiform gyrus and the symptom is relatively easy
to understand. In contrast, similar deficits can be seen in children with the developmental disorder, autism spectrum
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disorder (ASD). However, these children do not lack a fusiform gyrus, nor is there any damage or defect visible to this
brain region. We conclude, rather poorly, that this brain region is not connected properly to other brain regions.
Infection, trauma, and congenital disorders can all lead to significant signs, as identified through the neurological
exam. It is important to differentiate between an acute event, such as stroke, and a chronic or global condition
such as blunt force trauma. Responses seen in the neurological exam can help. A loss of language function observed
in all its aspects is more likely a global event as opposed to a discrete loss of one function, such as not being able
to say certain types of words. A concern, however, is that a specific function—such as controlling the muscles of
speech—may mask other language functions. The various subtests within the mental status exam can address these
finer points and help clarify the underlying cause of the neurological loss.

Watch this video for an
introduction to the
neurological exam.

Watch this video for an introduction to the neurological exam. Studying the neurological exam can give insight into
how structure and function in the nervous system are interdependent. This is a tool both in the clinic and in the
classroom, but for different reasons. In the clinic, this is a powerful but simple tool to assess a patient’s neurological
function. In the classroom, it is a different way to think about the nervous system. Though medical technology
provides noninvasive imaging and real-time functional data, the presenter says these cannot replace the history at
the core of the medical examination. What does history mean in the context of medical practice?

Chapter Review
The neurological exam is a clinical assessment tool to determine the extent of function from the nervous system. It is
divided into five major sections that each deal with a specific region of the CNS. The mental status exam is concerned
with the cerebrum and assesses higher functions such as memory, language, and emotion. The cranial nerve exam
tests the functions of all of the cranial nerves and, therefore, their connections to the CNS through the forebrain
and brain stem. The sensory and motor exams assess those functions as they relate to the spinal cord, as well as the
combination of the functions in spinal reflexes. The coordination exam targets cerebellar function in coordinated
movements, including those functions associated with gait.
Damage to and disease of the nervous system lead to loss of function. The location of the injury will correspond
to the functional loss, as suggested by the principle of localization of function. The neurological exam provides the
opportunity for a clinician to determine where damage has occurred on the basis of the function that is lost. Damage
from acute injuries such as strokes may result in specific functions being lost, whereas broader effects in infection or
developmental disorders may result in general losses across an entire section of the neurological exam.

Interactive Link Questions
Watch this video that provides a demonstration of the neurological exam—a series of tests that can be performed
276 | LAYCI HARRISON

rapidly when a patient is initially brought into an emergency department. The exam can be repeated on a regular
basis to keep a record of how and if neurological function changes over time. In what order were the sections of the
neurological exam tested in this video, and which section seemed to be left out?
Coordination and gait were tested first, followed by mental status, motor, sensory, and reflexes. There were no
specific tests of the cranial nerves.
Watch this video for an introduction to the neurological exam. Studying the neurological exam can give insight into
how structure and function in the nervous system are interdependent. This is a tool both in the clinic and in the
classroom, but for different reasons. In the clinic, this is a powerful but simple tool to assess a patient’s neurological
function. In the classroom, it is a different way to think about the nervous system. Though medical technology
provides noninvasive imaging and real-time functional data, the presenter says these cannot replace the history at
the core of the medical examination. What does history mean in the context of medical practice?
History is the report from the patient, or others familiar with the patient, that can assist in diagnosis and formulation
of treatment and care—essentially the result of an interview with the patient.

Review Questions
1. Which major section of the neurological exam is most likely to reveal damage to the cerebellum?

A. cranial nerve exam
B. mental status exam
C. sensory exam
D. coordination exam
2. What function would most likely be affected by a restriction of a blood vessel in the cerebral cortex?<

A. language
B. gait
C. facial expressions
D. knee-jerk reflex
3. Which major section of the neurological exam includes subtests that are sometimes considered a separate set of tests concerned with
walking?

A. mental status exam
B. cranial nerve exam
C. coordination exam
D. sensory exam
4. Memory, emotional, language, and sensorimotor deficits together are most likely the result of what kind of damage?

A. stroke
B. developmental disorder
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C. whiplash
D. gunshot wound
5. Where is language function localized in the majority of people?

A. cerebellum
B. right cerebral hemisphere
C. hippocampus
D. left cerebral hemisphere

Critical Thinking Questions
1. Why is a rapid assessment of neurological function important in an emergency situation?

2. How is the diagnostic category of TIA different from a stroke?

Glossary
coordination exam
major section of the neurological exam that assesses complex, coordinated motor functions of the cerebellum
and associated motor pathways
cranial nerve exam
major section of the neurological exam that assesses sensory and motor functions of the cranial nerves and
their associated central and peripheral structures
edema
fluid accumulation in tissue; often associated with circulatory deficits
embolus
obstruction in a blood vessel such as a blood clot, fatty mass, air bubble, or other foreign matter that interrupts
the flow of blood to an organ or some part of the body
gait exam
major section of the neurological exam that assesses the cerebellum and descending pathways in the spinal
cord through the coordinated motor functions of walking; a portion of the coordination exam
hemorrhagic stroke
disruption of blood flow to the brain caused by bleeding within the cranial vault
hypovolemia
decrease in blood volume
ischemic stroke
disruption of blood flow to the brain because blood cannot flow through blood vessels as a result of a blockage
or narrowing of the vessel
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localization of function
principle that circumscribed anatomical locations are responsible for specific functions in an organ system
mental status exam
major section of the neurological exam that assesses cognitive functions of the cerebrum
motor exam
major section of the neurological exam that assesses motor functions of the spinal cord and spinal nerves
neurological exam
clinical assessment tool that can be used to quickly evaluate neurological function and determine if specific
parts of the nervous system have been affected by damage or disease
sensory exam
major section of the neurological exam that assesses sensory functions of the spinal cord and spinal nerves
stroke
(also, cerebrovascular accident (CVA)) loss of neurological function caused by an interruption of blood flow to a
region of the central nervous system
transient ischemic attack (TIA)
temporary disruption of blood flow to the brain in which symptoms occur rapidly but last only a short time

Solutions
Answers for Review Questions

1. D
2. A
3. C
4. B
5. D
Answers for Critical Thinking Questions

1. If an ischemic event has occurred, nervous tissue may be compromised, but quick intervention—possibly within a few hours—may
be the critical aspect of recovery.
2. The main difference between a stroke and TIA is time. If the result of a cerebrovascular accident lasts longer than 24 hours, then it is
considered a stroke. Otherwise, it is considered transient and is labeled a TIA.
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The Cranial Nerve Exam

Learning Objectives
By the end of this section, you will be able to:

• Describe the functional grouping of cranial nerves
• Match the regions of the forebrain and brain stem that are connected to each cranial nerve
• Suggest diagnoses that would explain certain losses of function in the cranial nerves
• Relate cranial nerve deficits to damage of adjacent, unrelated structures

The twelve cranial nerves are typically covered in introductory anatomy courses, and memorizing their names is
facilitated by numerous mnemonics developed by students over the years of this practice. But knowing the names
of the nerves in order often leaves much to be desired in understanding what the nerves do. The nerves can be
categorized by functions, and subtests of the cranial nerve exam can clarify these functional groupings.
Three of the nerves are strictly responsible for special senses whereas four others contain fibers for special and
general senses. Three nerves are connected to the extraocular muscles resulting in the control of gaze. Four nerves
connect to muscles of the face, oral cavity, and pharynx, controlling facial expressions, mastication, swallowing, and
speech. Four nerves make up the cranial component of the parasympathetic nervous system responsible for pupillary
constriction, salivation, and the regulation of the organs of the thoracic and upper abdominal cavities. Finally, one
nerve controls the muscles of the neck, assisting with spinal control of the movement of the head and neck.
The cranial nerve exam allows directed tests of forebrain and brain stem structures. The twelve cranial nerves
serve the head and neck. The vagus nerve (cranial nerve X) has autonomic functions in the thoracic and superior
abdominal cavities. The special senses are served through the cranial nerves, as well as the general senses of the
head and neck. The movement of the eyes, face, tongue, throat, and neck are all under the control of cranial nerves.
Preganglionic parasympathetic nerve fibers that control pupillary size, salivary glands, and the thoracic and upper
abdominal viscera are found in four of the nerves. Tests of these functions can provide insight into damage to specific
regions of the brain stem and may uncover deficits in adjacent regions.

280 | ANATOMICAL BASIS OF INJURY

Sensory Nerves
The olfactory, optic, and vestibulocochlear nerves (cranial nerves I, II, and VIII) are dedicated to four of the special
senses: smell, vision, equilibrium, and hearing, respectively. Taste sensation is relayed to the brain stem through
fibers of the facial and glossopharyngeal nerves. The trigeminal nerve is a mixed nerve that carries the general
somatic senses from the head, similar to those coming through spinal nerves from the rest of the body.
Testing smell is straightforward, as common smells are presented to one nostril at a time. The patient should be
able to recognize the smell of coffee or mint, indicating the proper functioning of the olfactory system. Loss of the
sense of smell is called anosmia and can be lost following blunt trauma to the head or through aging. The short axons
of the first cranial nerve regenerate on a regular basis. The neurons in the olfactory epithelium have a limited life
span, and new cells grow to replace the ones that die off. The axons from these neurons grow back into the CNS by
following the existing axons—representing one of the few examples of such growth in the mature nervous system. If
all of the fibers are sheared when the brain moves within the cranium, such as in a motor vehicle accident, then no
axons can find their way back to the olfactory bulb to re-establish connections. If the nerve is not completely severed,
the anosmia may be temporary as new neurons can eventually reconnect.
Olfaction is not the pre-eminent sense, but its loss can be quite detrimental. The enjoyment of food is largely based
on our sense of smell. Anosmia means that food will not seem to have the same taste, though the gustatory sense
is intact, and food will often be described as being bland. However, the taste of food can be improved by adding
ingredients (e.g., salt) that stimulate the gustatory sense.
Testing vision relies on the tests that are common in an optometry office. The Snellen chart (Figure 1)
demonstrates visual acuity by presenting standard Roman letters in a variety of sizes. The result of this test is a rough
generalization of the acuity of a person based on the normal accepted acuity, such that a letter that subtends a visual
angle of 5 minutes of an arc at 20 feet can be seen. To have 20/60 vision, for example, means that the smallest letters
that a person can see at a 20-foot distance could be seen by a person with normal acuity from 60 feet away. Testing
the extent of the visual field means that the examiner can establish the boundaries of peripheral vision as simply as
holding their hands out to either side and asking the patient when the fingers are no longer visible without moving
the eyes to track them. If it is necessary, further tests can establish the perceptions in the visual fields. Physical
inspection of the optic disk, or where the optic nerve emerges from the eye, can be accomplished by looking through
the pupil with an ophthalmoscope.
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Figure 1. The Snellen Chart. The Snellen chart for visual acuity
presents a limited number of Roman letters in lines of decreasing
size. The line with letters that subtend 5 minutes of an arc from
20 feet represents the smallest letters that a person with normal
acuity should be able to read at that distance. The different sizes
of letters in the other lines represent rough approximations of
what a person of normal acuity can read at different distances.
For example, the line that represents 20/200 vision would have
larger letters so that they are legible to the person with normal
acuity at 200 feet.

The optic nerves from both sides enter the cranium through the respective optic canals and meet at the optic chiasm
at which fibers sort such that the two halves of the visual field are processed by the opposite sides of the brain.
Deficits in visual field perception often suggest damage along the length of the optic pathway between the orbit
and the diencephalon. For example, loss of peripheral vision may be the result of a pituitary tumor pressing on the
optic chiasm (Figure 2). The pituitary, seated in the sella turcica of the sphenoid bone, is directly inferior to the
optic chiasm. The axons that decussate in the chiasm are from the medial retinae of either eye, and therefore carry
information from the peripheral visual field.
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Figure 2. Pituitary Tumor. The pituitary gland is located in the sella turcica of the sphenoid bone within the cranial floor,
placing it immediately inferior to the optic chiasm. If the pituitary gland develops a tumor, it can press against the fibers
crossing in the chiasm. Those fibers are conveying peripheral visual information to the opposite side of the brain, so the
patient will experience “tunnel vision”—meaning that only the central visual field will be perceived.

The vestibulocochlear nerve (CN VIII) carries both equilibrium and auditory sensations from the inner ear to the
medulla. Though the two senses are not directly related, anatomy is mirrored in the two systems. Problems with
balance, such as vertigo, and deficits in hearing may both point to problems with the inner ear. Within the petrous
region of the temporal bone is the bony labyrinth of the inner ear. The vestibule is the portion for equilibrium,
composed of the utricle, saccule, and the three semicircular canals. The cochlea is responsible for transducing sound
waves into a neural signal. The sensory nerves from these two structures travel side-by-side as the vestibulocochlear
nerve, though they are really separate divisions. They both emerge from the inner ear, pass through the internal
auditory meatus, and synapse in nuclei of the superior medulla. Though they are part of distinct sensory systems,
the vestibular nuclei and the cochlear nuclei are close neighbors with adjacent inputs. Deficits in one or both systems
could occur from damage that encompasses structures close to both. Damage to structures near the two nuclei can
result in deficits to one or both systems.
Balance or hearing deficits may be the result of damage to the middle or inner ear structures. Ménière’s disease is a
disorder that can affect both equilibrium and audition in a variety of ways. The patient can suffer from vertigo, a lowfrequency ringing in the ears, or a loss of hearing. From patient to patient, the exact presentation of the disease can
be different. Additionally, within a single patient, the symptoms and signs may change as the disease progresses. Use
of the neurological exam subtests for the vestibulocochlear nerve illuminates the changes a patient may go through.
The disease appears to be the result of accumulation, or over-production, of fluid in the inner ear, in either the
vestibule or cochlea.
Tests of equilibrium are important for coordination and gait and are related to other aspects of the neurological
exam. The vestibulo-ocular reflex involves the cranial nerves for gaze control. Balance and equilibrium, as tested by
the Romberg test, are part of spinal and cerebellar processes and involved in those components of the neurological
exam, as discussed later.
Hearing is tested by using a tuning fork in a couple of different ways. The Rinne test involves using a tuning fork to
distinguish between conductive hearing and sensorineural hearing. Conductive hearing relies on vibrations being
conducted through the ossicles of the middle ear. Sensorineural hearing is the transmission of sound stimuli through
the neural components of the inner ear and cranial nerve. A vibrating tuning fork is placed on the mastoid process
and the patient indicates when the sound produced from this is no longer present. Then the fork is immediately
moved to just next to the ear canal so the sound travels through the air. If the sound is not heard through the ear,
meaning the sound is conducted better through the temporal bone than through the ossicles, a conductive hearing
deficit is present. The Weber test also uses a tuning fork to differentiate between conductive versus sensorineural
ANATOMICAL BASIS OF INJURY | 283

hearing loss. In this test, the tuning fork is placed at the top of the skull, and the sound of the tuning fork reaches
both inner ears by travelling through bone. In a healthy patient, the sound would appear equally loud in both ears.
With unilateral conductive hearing loss, however, the tuning fork sounds louder in the ear with hearing loss. This
is because the sound of the tuning fork has to compete with background noise coming from the outer ear, but in
conductive hearing loss, the background noise is blocked in the damaged ear, allowing the tuning fork to sound
relatively louder in that ear. With unilateral sensorineural hearing loss, however, damage to the cochlea or associated
nervous tissue means that the tuning fork sounds quieter in that ear.
The trigeminal system of the head and neck is the equivalent of the ascending spinal cord systems of the dorsal
column and the spinothalamic pathways. Somatosensation of the face is conveyed along the nerve to enter the brain
stem at the level of the pons. Synapses of those axons, however, are distributed across nuclei found throughout the
brain stem. The mesencephalic nucleus processes proprioceptive information of the face, which is the movement
and position of facial muscles. It is the sensory component of the jaw-jerk reflex, a stretch reflex of the masseter
muscle. The chief nucleus, located in the pons, receives information about light touch as well as proprioceptive
information about the mandible, which are both relayed to the thalamus and, ultimately, to the postcentral gyrus
of the parietal lobe. The spinal trigeminal nucleus, located in the medulla, receives information about crude touch,
pain, and temperature to be relayed to the thalamus and cortex. Essentially, the projection through the chief nucleus
is analogous to the dorsal column pathway for the body, and the projection through the spinal trigeminal nucleus is
analogous to the spinothalamic pathway.
Subtests for the sensory component of the trigeminal system are the same as those for the sensory exam targeting
the spinal nerves. The primary sensory subtest for the trigeminal system is sensory discrimination. A cotton-tipped
applicator, which is cotton attached to the end of a thin wooden stick, can be used easily for this. The wood of the
applicator can be snapped so that a pointed end is opposite the soft cotton-tipped end. The cotton end provides a
touch stimulus, while the pointed end provides a painful, or sharp, stimulus. While the patient’s eyes are closed,
the examiner touches the two ends of the applicator to the patient’s face, alternating randomly between them. The
patient must identify whether the stimulus is sharp or dull. These stimuli are processed by the trigeminal system
separately. Contact with the cotton tip of the applicator is a light touch, relayed by the chief nucleus, but contact
with the pointed end of the applicator is a painful stimulus relayed by the spinal trigeminal nucleus. Failure to
discriminate these stimuli can localize problems within the brain stem. If a patient cannot recognize a painful
stimulus, that might indicate damage to the spinal trigeminal nucleus in the medulla. The medulla also contains
important regions that regulate the cardiovascular, respiratory, and digestive systems, as well as being the pathway
for ascending and descending tracts between the brain and spinal cord. Damage, such as a stroke, that results in
changes in sensory discrimination may indicate these unrelated regions are affected as well.

Gaze Control
The three nerves that control the extraocular muscles are the oculomotor, trochlear, and abducens nerves, which are
the third, fourth, and sixth cranial nerves. As the name suggests, the abducens nerve is responsible for abducting
the eye, which it controls through contraction of the lateral rectus muscle. The trochlear nerve controls the superior
oblique muscle to rotate the eye along its axis in the orbit medially, which is called intorsion, and is a component
of focusing the eyes on an object close to the face. The oculomotor nerve controls all the other extraocular muscles,
as well as a muscle of the upper eyelid. Movements of the two eyes need to be coordinated to locate and track
visual stimuli accurately. When moving the eyes to locate an object in the horizontal plane, or to track movement
horizontally in the visual field, the lateral rectus muscle of one eye and medial rectus muscle of the other eye are
both active. The lateral rectus is controlled by neurons of the abducens nucleus in the superior medulla, whereas the
medial rectus is controlled by neurons in the oculomotor nucleus of the midbrain.
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Coordinated movement of both eyes through different nuclei requires integrated processing through the brain
stem. In the midbrain, the superior colliculus integrates visual stimuli with motor responses to initiate eye
movements. The paramedian pontine reticular formation (PPRF) will initiate a rapid eye movement, or saccade,
to bring the eyes to bear on a visual stimulus quickly. These areas are connected to the oculomotor, trochlear, and
abducens nuclei by the medial longitudinal fasciculus (MLF) that runs through the majority of the brain stem. The
MLF allows for conjugate gaze, or the movement of the eyes in the same direction, during horizontal movements that
require the lateral and medial rectus muscles. Control of conjugate gaze strictly in the vertical direction is contained
within the oculomotor complex. To elevate the eyes, the oculomotor nerve on either side stimulates the contraction
of both superior rectus muscles; to depress the eyes, the oculomotor nerve on either side stimulates the contraction
of both inferior rectus muscles.
Purely vertical movements of the eyes are not very common. Movements are often at an angle, so some horizontal
components are necessary, adding the medial and lateral rectus muscles to the movement. The rapid movement of
the eyes used to locate and direct the fovea onto visual stimuli is called a saccade. Notice that the paths that are traced
in Figure 3 are not strictly vertical. The movements between the nose and the mouth are closest, but still have a slant
to them. Also, the superior and inferior rectus muscles are not perfectly oriented with the line of sight. The origin
for both muscles is medial to their insertions, so elevation and depression may require the lateral rectus muscles to
compensate for the slight adduction inherent in the contraction of those muscles, requiring MLF activity as well.

Figure 3. Saccadic Eye Movements. Saccades are rapid, conjugate
movements of the eyes to survey a complicated visual stimulus, or to
follow a moving visual stimulus. This image represents the shifts in gaze
typical of a person studying a face. Notice the concentration of gaze on the
major features of the face and the large number of paths traced between
the eyes or around the mouth.
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Testing eye movement is simply a matter of having the patient track the tip of a pen as it is passed through the visual
field. This may appear similar to testing visual field deficits related to the optic nerve, but the difference is that the
patient is asked to not move the eyes while the examiner moves a stimulus into the peripheral visual field. Here,
the extent of movement is the point of the test. The examiner is watching for conjugate movements representing
proper function of the related nuclei and the MLF. Failure of one eye to abduct while the other adducts in a horizontal
movement is referred to as internuclear ophthalmoplegia. When this occurs, the patient will experience diplopia, or
double vision, as the two eyes are temporarily pointed at different stimuli. Diplopia is not restricted to failure of the
lateral rectus, because any of the extraocular muscles may fail to move one eye in perfect conjugation with the other.
The final aspect of testing eye movements is to move the tip of the pen in toward the patient’s face. As visual stimuli
move closer to the face, the two medial recti muscles cause the eyes to move in the one nonconjugate movement that
is part of gaze control. When the two eyes move to look at something closer to the face, they both adduct, which is
referred to as convergence. To keep the stimulus in focus, the eye also needs to change the shape of the lens, which
is controlled through the parasympathetic fibers of the oculomotor nerve. The change in focal power of the eye is
referred to as accommodation. Accommodation ability changes with age; focusing on nearer objects, such as the
written text of a book or on a computer screen, may require corrective lenses later in life. Coordination of the skeletal
muscles for convergence and coordination of the smooth muscles of the ciliary body for accommodation are referred
to as the accommodation–convergence reflex.
A crucial function of the cranial nerves is to keep visual stimuli centered on the fovea of the retina. The vestibuloocular reflex (VOR) coordinates all of the components (Figure 4), both sensory and motor, that make this possible. If
the head rotates in one direction—for example, to the right—the horizontal pair of semicircular canals in the inner
ear indicate the movement by increased activity on the right and decreased activity on the left. The information is
sent to the abducens nuclei and oculomotor nuclei on either side to coordinate the lateral and medial rectus muscles.
The left lateral rectus and right medial rectus muscles will contract, rotating the eyes in the opposite direction of
the head, while nuclei controlling the right lateral rectus and left medial rectus muscles will be inhibited to reduce
antagonism of the contracting muscles. These actions stabilize the visual field by compensating for the head rotation
with opposite rotation of the eyes in the orbits. Deficits in the VOR may be related to vestibular damage, such as in
Ménière’s disease, or from dorsal brain stem damage that would affect the eye movement nuclei or their connections
through the MLF.
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Figure 4. Vestibulo-ocular Reflex. If the head is turned in one direction, the coordination of that
movement with the fixation of the eyes on a visual stimulus involves a circuit that ties the vestibular
sense with the eye movement nuclei through the MLF.

Nerves of the Face and Oral Cavity
An iconic part of a doctor’s visit is the inspection of the oral cavity and pharynx, suggested by the directive to “open
your mouth and say ‘ah.’” This is followed by inspection, with the aid of a tongue depressor, of the back of the mouth,
or the opening of the oral cavity into the pharynx known as the fauces. Whereas this portion of a medical exam
inspects for signs of infection, such as in tonsillitis, it is also the means to test the functions of the cranial nerves that
are associated with the oral cavity.
The facial and glossopharyngeal nerves convey gustatory stimulation to the brain. Testing this is as simple as
introducing salty, sour, bitter, or sweet stimuli to either side of the tongue. The patient should respond to the taste
stimulus before retracting the tongue into the mouth. Stimuli applied to specific locations on the tongue will dissolve
into the saliva and may stimulate taste buds connected to either the left or right of the nerves, masking any lateral
deficits. Along with taste, the glossopharyngeal nerve relays general sensations from the pharyngeal walls. These
sensations, along with certain taste stimuli, can stimulate the gag reflex. If the examiner moves the tongue depressor
to contact the lateral wall of the fauces, this should elicit the gag reflex. Stimulation of either side of the fauces
should elicit an equivalent response. The motor response, through contraction of the muscles of the pharynx, is
mediated through the vagus nerve. Normally, the vagus nerve is considered autonomic in nature. The vagus nerve
directly stimulates the contraction of skeletal muscles in the pharynx and larynx to contribute to the swallowing and
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speech functions. Further testing of vagus motor function has the patient repeating consonant sounds that require
movement of the muscles around the fauces. The patient is asked to say “lah-kah-pah” or a similar set of alternating
sounds while the examiner observes the movements of the soft palate and arches between the palate and tongue.
The facial and glossopharyngeal nerves are also responsible for the initiation of salivation. Neurons in the salivary
nuclei of the medulla project through these two nerves as preganglionic fibers, and synapse in ganglia located in
the head. The parasympathetic fibers of the facial nerve synapse in the pterygopalatine ganglion, which projects to
the submandibular gland and sublingual gland. The parasympathetic fibers of the glossopharyngeal nerve synapse
in the otic ganglion, which projects to the parotid gland. Salivation in response to food in the oral cavity is based
on a visceral reflex arc within the facial or glossopharyngeal nerves. Other stimuli that stimulate salivation are
coordinated through the hypothalamus, such as the smell and sight of food.
The hypoglossal nerve is the motor nerve that controls the muscles of the tongue, except for the palatoglossus
muscle, which is controlled by the vagus nerve. There are two sets of muscles of the tongue. The extrinsic muscles of
the tongue are connected to other structures, whereas the intrinsic muscles of the tongue are completely contained
within the lingual tissues. While examining the oral cavity, movement of the tongue will indicate whether
hypoglossal function is impaired. The test for hypoglossal function is the “stick out your tongue” part of the exam. The
genioglossus muscle is responsible for protrusion of the tongue. If the hypoglossal nerves on both sides are working
properly, then the tongue will stick straight out. If the nerve on one side has a deficit, the tongue will stick out to that
side—pointing to the side with damage. Loss of function of the tongue can interfere with speech and swallowing.
Additionally, because the location of the hypoglossal nerve and nucleus is near the cardiovascular center, inspiratory
and expiratory areas for respiration, and the vagus nuclei that regulate digestive functions, a tongue that protrudes
incorrectly can suggest damage in adjacent structures that have nothing to do with controlling the tongue.

Watch this short video to
see an examination of the
facial nerve using some
simple tests.

Watch this short video to see an examination of the facial nerve using some simple tests. The facial nerve controls
the muscles of facial expression. Severe deficits will be obvious in watching someone use those muscles for normal
control. One side of the face might not move like the other side. But directed tests, especially for contraction against
resistance, require a formal testing of the muscles. The muscles of the upper and lower face need to be tested. The
strength test in this video involves the patient squeezing her eyes shut and the examiner trying to pry her eyes open.
Why does the examiner ask her to try a second time?

Motor Nerves of the Neck
The accessory nerve, also referred to as the spinal accessory nerve, innervates the sternocleidomastoid and trapezius
muscles (Figure 5). When both the sternocleidomastoids contract, the head flexes forward; individually, they cause
rotation to the opposite side. The trapezius can act as an antagonist, causing extension and hyperextension of
the neck. These two superficial muscles are important for changing the position of the head. Both muscles also
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receive input from cervical spinal nerves. Along with the spinal accessory nerve, these nerves contribute to elevating
the scapula and clavicle through the trapezius, which is tested by asking the patient to shrug both shoulders, and
watching for asymmetry. For the sternocleidomastoid, those spinal nerves are primarily sensory projections, whereas
the trapezius also has lateral insertions to the clavicle and scapula, and receives motor input from the spinal cord.
Calling the nerve the spinal accessory nerve suggests that it is aiding the spinal nerves. Though that is not precisely
how the name originated, it does help make the association between the function of this nerve in controlling these
muscles and the role these muscles play in movements of the trunk or shoulders.

Figure 5. Muscles Controlled by the Accessory Nerve. The accessory nerve innervates the
sternocleidomastoid and trapezius muscles, both of which attach to the head and to the
trunk and shoulders. They can act as antagonists in head flexion and extension, and as
synergists in lateral flexion toward the shoulder.

To test these muscles, the patient is asked to flex and extend the neck or shrug the shoulders against resistance,
testing the strength of the muscles. Lateral flexion of the neck toward the shoulder tests both at the same time. Any
difference on one side versus the other would suggest damage on the weaker side. These strength tests are common
for the skeletal muscles controlled by spinal nerves and are a significant component of the motor exam. Deficits
associated with the accessory nerve may have an effect on orienting the head, as described with the VOR.
Homeostatic Imbalances
The Pupillary Light Response
The autonomic control of pupillary size in response to a bright light involves the sensory input of the optic nerve and
the parasympathetic motor output of the oculomotor nerve. When light hits the retina, specialized photosensitive
ganglion cells send a signal along the optic nerve to the pretectal nucleus in the superior midbrain. A neuron from
this nucleus projects to the Eddinger–Westphal nuclei in the oculomotor complex in both sides of the midbrain.
Neurons in this nucleus give rise to the preganglionic parasympathetic fibers that project through the oculomotor
nerve to the ciliary ganglion in the posterior orbit. The postganglionic parasympathetic fibers from the ganglion
project to the iris, where they release acetylcholine onto circular fibers that constrict the pupil to reduce the amount
of light hitting the retina. The sympathetic nervous system is responsible for dilating the pupil when light levels are
low.
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Shining light in one eye will elicit constriction of both pupils. The efferent limb of the pupillary light reflex is
bilateral. Light shined in one eye causes a constriction of that pupil, as well as constriction of the contralateral pupil.
Shining a penlight in the eye of a patient is a very artificial situation, as both eyes are normally exposed to the same
light sources. Testing this reflex can illustrate whether the optic nerve or the oculomotor nerve is damaged. If shining
the light in one eye results in no changes in pupillary size but shining light in the opposite eye elicits a normal,
bilateral response, the damage is associated with the optic nerve on the nonresponsive side. If light in either eye
elicits a response in only one eye, the problem is with the oculomotor system.
If light in the right eye only causes the left pupil to constrict, the direct reflex is lost and the consensual reflex is
intact, which means that the right oculomotor nerve (or Eddinger–Westphal nucleus) is damaged. Damage to the
right oculomotor connections will be evident when light is shined in the left eye. In that case, the direct reflex is intact
but the consensual reflex is lost, meaning that the left pupil will constrict while the right does not.

The Cranial Nerve Exam
The cranial nerves can be separated into four major groups associated with the subtests of the cranial nerve exam.
First are the sensory nerves, then the nerves that control eye movement, the nerves of the oral cavity and superior
pharynx, and the nerve that controls movements of the neck.
The olfactory, optic, and vestibulocochlear nerves are strictly sensory nerves for smell, sight, and balance and
hearing, whereas the trigeminal, facial, and glossopharyngeal nerves carry somatosensation of the face, and
taste—separated between the anterior two-thirds of the tongue and the posterior one-third. Special senses are
tested by presenting the particular stimuli to each receptive organ. General senses can be tested through sensory
discrimination of touch versus painful stimuli.
The oculomotor, trochlear, and abducens nerves control the extraocular muscles and are connected by the medial
longitudinal fasciculus to coordinate gaze. Testing conjugate gaze is as simple as having the patient follow a visual
target, like a pen tip, through the visual field ending with an approach toward the face to test convergence and
accommodation. Along with the vestibular functions of the eighth nerve, the vestibulo-ocular reflex stabilizes gaze
during head movements by coordinating equilibrium sensations with the eye movement systems.
The trigeminal nerve controls the muscles of chewing, which are tested for stretch reflexes. Motor functions of the
facial nerve are usually obvious if facial expressions are compromised, but can be tested by having the patient raise
their eyebrows, smile, and frown. Movements of the tongue, soft palate, or superior pharynx can be observed directly
while the patient swallows, while the gag reflex is elicited, or while the patient says repetitive consonant sounds.
The motor control of the gag reflex is largely controlled by fibers in the vagus nerve and constitutes a test of that
nerve because the parasympathetic functions of that nerve are involved in visceral regulation, such as regulating the
heartbeat and digestion.
Movement of the head and neck using the sternocleidomastoid and trapezius muscles is controlled by the
accessory nerve. Flexing of the neck and strength testing of those muscles reviews the function of that nerve.

Interactive Link Questions
Watch this short video to see an examination of the facial nerve using some simple tests. The facial nerve controls
the muscles of facial expression. Severe deficits will be obvious in watching someone use those muscles for normal
control. One side of the face might not move like the other side. But directed tests, especially for contraction against
resistance, require a formal testing of the muscles. The muscles of the upper and lower face need to be tested. The
strength test in this video involves the patient squeezing her eyes shut and the examiner trying to pry her eyes open.
Why does the examiner ask her to try a second time?
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She has just demonstrated voluntary control by closing her eyes, but when he provides the resistance that she needs
to hold tight against, she has already relaxed the muscles enough for him to pull them open. She needs to squeeze
them tighter to demonstrate the strength she has in the orbicular oculi.

Review Questions
1. Without olfactory sensation to complement gustatory stimuli, food will taste bland unless it is seasoned with which substance?

A. salt
B. thyme
C. garlic
D. olive oil
2. Which of the following cranial nerves is not part of the VOR?

A. optic
B. oculomotor
C. abducens
D. vestibulocochlear
3. Which nerve is responsible for controlling the muscles that result in the gag reflex?

A. trigeminal
B. facial
C. glossopharyngeal
D. vagus
4. Which nerve is responsible for taste, as well as salivation, in the anterior oral cavity?

A. facial
B. glossopharyngeal
C. vagus
D. hypoglossal
5. Which of the following nerves controls movements of the neck?

A. oculomotor
B. vestibulocochlear
C. spinal accessory
D. hypoglossal
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Critical Thinking Questions
1. As a person ages, their ability to focus on near objects (accommodation) changes. If a person is already myopic (near-sighted), why would
corrective lenses not be necessary to read a book or computer screen?

2. When a patient flexes their neck, the head tips to the right side. Also, their tongue sticks out slightly to the left when they try to stick it
straight out. Where is the damage to the brain stem most likely located?

Glossary
accommodation
in vision, a change in the ability of the eye to focus on objects at different distances
accommodation–convergence reflex
coordination of somatic control of the medial rectus muscles of either eye with the parasympathetic control of
the ciliary bodies to maintain focus while the eyes converge on visual stimuli near to the face
conductive hearing
hearing dependent on the conduction of vibrations of the tympanic membrane through the ossicles of the
middle ear
conjugate gaze
coordinated movement of the two eyes simultaneously in the same direction
convergence
in vision, the movement of the eyes so that they are both pointed at the same point in space, which increases
for stimuli that are closer to the subject
diplopia
double vision resulting from a failure in conjugate gaze
extrinsic muscles of the tongue
muscles that are connected to other structures, such as the hyoid bone or the mandible, and control the
position of the tongue
fauces
opening from the oral cavity into the pharynx
internuclear ophthalmoplegia
deficit of conjugate lateral gaze because the lateral rectus muscle of one eye does not contract resulting from
damage to the abducens nerve or the MLF
intorsion
medial rotation of the eye around its axis
intrinsic muscles of the tongue
muscles that originate out of, and insert into, other tissues within the tongue and control the shape of the
tongue
jaw-jerk reflex
stretch reflex of the masseter muscle
medial longitudinal fasciculus (MLF)
fiber pathway that connects structures involved in the control of eye and head position, from the superior
colliculus to the vestibular nuclei and cerebellum
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paramedian pontine reticular formation (PPRF)
region of the brain stem adjacent to the motor nuclei for gaze control that coordinates rapid, conjugate eye
movements
Rinne test
use of a tuning fork to test conductive hearing loss versus sensorineural hearing loss
saccade
small, rapid movement of the eyes used to locate and direct the fovea onto visual stimuli
sensorineural hearing
hearing dependent on the transduction and propagation of auditory information through the neural
components of the peripheral auditory structures
Snellen chart
standardized arrangement of letters in decreasing size presented to a subject at a distance of 20 feet to test
visual acuity
vestibulo-ocular reflex (VOR)
reflex based on connections between the vestibular system and the cranial nerves of eye movements that
ensures that images are stabilized on the retina as the head and body move
Weber test
use of a tuning fork to test the laterality of hearing loss by placing it at several locations on the midline of the
skull

Solutions
Answers for Review Questions

1. A
2. A
3. D
4. A
5. C
Answers for Critical Thinking Questions

1. If the person already has problems focusing on far objects, and wears corrective lenses to see farther objects, then as
accommodation changes, focusing on a reading surface might still be in their naturally near-sighted range.
2. The medulla is where the accessory nerve, which controls the sternocleidomastoid muscle, and the hypoglossal nerve, which
controls the genioglossus muscle, are both located. The weakness of the left side of the neck, and the tendency of the tongue to
point to that side, both show that the damage is on the left side of the brain stem.
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Heart Anatomy

Learning Objectives
By the end of this section, you will be able to:

• Describe the location and position of the heart within the body cavity
• Describe the internal and external anatomy of the heart
• Identify the tissue layers of the heart
• Relate the structure of the heart to its function as a pump
• Compare systemic circulation to pulmonary circulation
• Identify the veins and arteries of the coronary circulation system
• Trace the pathway of oxygenated and deoxygenated blood thorough the chambers of the heart

The vital importance of the heart is obvious. If one assumes an average rate of contraction of 75 contractions per
minute, a human heart would contract approximately 108,000 times in one day, more than 39 million times in one
year, and nearly 3 billion times during a 75-year lifespan. Each of the major pumping chambers of the heart ejects
approximately 70 mL blood per contraction in a resting adult. This would be equal to 5.25 liters of fluid per minute
and approximately 14,000 liters per day. Over one year, that would equal 10,000,000 liters or 2.6 million gallons of
blood sent through roughly 60,000 miles of vessels. In order to understand how that happens, it is necessary to
understand the anatomy and physiology of the heart.

Location of the Heart
The human heart is located within the thoracic cavity, medially between the lungs in the space known as the
mediastinum. Figure 1 shows the position of the heart within the thoracic cavity. Within the mediastinum, the heart
is separated from the other mediastinal structures by a tough membrane known as the pericardium, or pericardial
sac, and sits in its own space called the pericardial cavity. The dorsal surface of the heart lies near the bodies of the
vertebrae, and its anterior surface sits deep to the sternum and costal cartilages. The great veins, the superior and
inferior venae cavae, and the great arteries, the aorta and pulmonary trunk, are attached to the superior surface of
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the heart, called the base. The base of the heart is located at the level of the third costal cartilage, as seen in Figure 1.
The inferior tip of the heart, the apex, lies just to the left of the sternum between the junction of the fourth and fifth
ribs near their articulation with the costal cartilages. The right side of the heart is deflected anteriorly, and the left
side is deflected posteriorly. It is important to remember the position and orientation of the heart when placing a
stethoscope on the chest of a patient and listening for heart sounds, and also when looking at images taken from a
midsagittal perspective. The slight deviation of the apex to the left is reflected in a depression in the medial surface
of the inferior lobe of the left lung, called the cardiac notch.

Figure 1. Position of the Heart in the Thorax. The heart is located within the thoracic cavity, medially between the
lungs in the mediastinum. It is about the size of a fist, is broad at the top, and tapers toward the base.

Everyday Connection
CPR
The position of the heart in the torso between the vertebrae and sternum (see Figure 1 for the position of the heart
within the thorax) allows for individuals to apply an emergency technique known as cardiopulmonary resuscitation
(CPR) if the heart of a patient should stop. By applying pressure with the flat portion of one hand on the sternum
in the area between the line at T4 and T9 (Figure 2), it is possible to manually compress the blood within the heart
enough to push some of the blood within it into the pulmonary and systemic circuits. This is particularly critical for
the brain, as irreversible damage and death of neurons occur within minutes of loss of blood flow. Current standards
call for compression of the chest at least 5 cm deep and at a rate of 100 compressions per minute, a rate equal to the
beat in “Staying Alive,” recorded in 1977 by the Bee Gees. If you are unfamiliar with this song, a version is available
on www.youtube.com. At this stage, the emphasis is on performing high-quality chest compressions, rather than
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providing artificial respiration. CPR is generally performed until the patient regains spontaneous contraction or is
declared dead by an experienced healthcare professional.
When performed by untrained or overzealous individuals, CPR can result in broken ribs or a broken sternum,
and can inflict additional severe damage on the patient. It is also possible, if the hands are placed too low on the
sternum, to manually drive the xiphoid process into the liver, a consequence that may prove fatal for the patient.
Proper training is essential. This proven life-sustaining technique is so valuable that virtually all medical personnel as
well as concerned members of the public should be certified and routinely recertified in its application. CPR courses
are offered at a variety of locations, including colleges, hospitals, the American Red Cross, and some commercial
companies. They normally include practice of the compression technique on a mannequin.

Figure 2. CPR Technique. If the heart should stop, CPR can maintain the flow of blood
until the heart resumes beating. By applying pressure to the sternum, the blood within
the heart will be squeezed out of the heart and into the circulation. Proper positioning of
the hands on the sternum to perform CPR would be between the lines at T4 and T9.

Visit the American Heart
Association website to help
locate a course near your
home in the United States.

Visit the American Heart Association website to help locate a course near your home in the United States. There are
also many other national and regional heart associations that offer the same service, depending upon the location.

Shape and Size of the Heart
The shape of the heart is similar to a pinecone, rather broad at the superior surface and tapering to the apex (see
Figure 1). A typical heart is approximately the size of your fist: 12 cm (5 in) in length, 8 cm (3.5 in) wide, and 6 cm
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(2.5 in) in thickness. Given the size difference between most members of the sexes, the weight of a female heart is
approximately 250–300 grams (9 to 11 ounces), and the weight of a male heart is approximately 300–350 grams (11
to 12 ounces). The heart of a well-trained athlete, especially one specializing in aerobic sports, can be considerably
larger than this. Cardiac muscle responds to exercise in a manner similar to that of skeletal muscle. That is, exercise
results in the addition of protein myofilaments that increase the size of the individual cells without increasing their
numbers, a concept called hypertrophy. Hearts of athletes can pump blood more effectively at lower rates than
those of nonathletes. Enlarged hearts are not always a result of exercise; they can result from pathologies, such as
hypertrophic cardiomyopathy. The cause of an abnormally enlarged heart muscle is unknown, but the condition is
often undiagnosed and can cause sudden death in apparently otherwise healthy young people.

Chambers and Circulation through the Heart
The human heart consists of four chambers: The left side and the right side each have one atrium and one ventricle.
Each of the upper chambers, the right atrium (plural = atria) and the left atrium, acts as a receiving chamber and
contracts to push blood into the lower chambers, the right ventricle and the left ventricle. The ventricles serve as the
primary pumping chambers of the heart, propelling blood to the lungs or to the rest of the body.
There are two distinct but linked circuits in the human circulation called the pulmonary and systemic circuits.
Although both circuits transport blood and everything it carries, we can initially view the circuits from the point of
view of gases. The pulmonary circuit transports blood to and from the lungs, where it picks up oxygen and delivers
carbon dioxide for exhalation. The systemic circuit transports oxygenated blood to virtually all of the tissues of the
body and returns relatively deoxygenated blood and carbon dioxide to the heart to be sent back to the pulmonary
circulation.
The right ventricle pumps deoxygenated blood into the pulmonary trunk, which leads toward the lungs and
bifurcates into the left and right pulmonary arteries. These vessels in turn branch many times before reaching
the pulmonary capillaries, where gas exchange occurs: Carbon dioxide exits the blood and oxygen enters. The
pulmonary trunk arteries and their branches are the only arteries in the post-natal body that carry relatively
deoxygenated blood. Highly oxygenated blood returning from the pulmonary capillaries in the lungs passes through
a series of vessels that join together to form the pulmonary veins—the only post-natal veins in the body that carry
highly oxygenated blood. The pulmonary veins conduct blood into the left atrium, which pumps the blood into the left
ventricle, which in turn pumps oxygenated blood into the aorta and on to the many branches of the systemic circuit.
Eventually, these vessels will lead to the systemic capillaries, where exchange with the tissue fluid and cells of the
body occurs. In this case, oxygen and nutrients exit the systemic capillaries to be used by the cells in their metabolic
processes, and carbon dioxide and waste products will enter the blood.
The blood exiting the systemic capillaries is lower in oxygen concentration than when it entered. The capillaries
will ultimately unite to form venules, joining to form ever-larger veins, eventually flowing into the two major
systemic veins, the superior vena cava and the inferior vena cava, which return blood to the right atrium. The blood
in the superior and inferior venae cavae flows into the right atrium, which pumps blood into the right ventricle.
This process of blood circulation continues as long as the individual remains alive. Understanding the flow of blood
through the pulmonary and systemic circuits is critical to all health professions (Figure 3).
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Figure 3. Dual System of the Human Blood Circulation. Blood flows from the right atrium to the right ventricle, where it is
pumped into the pulmonary circuit. The blood in the pulmonary artery branches is low in oxygen but relatively high in
carbon dioxide. Gas exchange occurs in the pulmonary capillaries (oxygen into the blood, carbon dioxide out), and blood
high in oxygen and low in carbon dioxide is returned to the left atrium. From here, blood enters the left ventricle, which
pumps it into the systemic circuit. Following exchange in the systemic capillaries (oxygen and nutrients out of the
capillaries and carbon dioxide and wastes in), blood returns to the right atrium and the cycle is repeated.

Membranes, Surface Features, and Layers
Our exploration of more in-depth heart structures begins by examining the membrane that surrounds the heart, the
prominent surface features of the heart, and the layers that form the wall of the heart. Each of these components
plays its own unique role in terms of function.

Membranes
The membrane that directly surrounds the heart and defines the pericardial cavity is called the pericardium or
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pericardial sac. It also surrounds the “roots” of the major vessels, or the areas of closest proximity to the heart.
The pericardium, which literally translates as “around the heart,” consists of two distinct sublayers: the sturdy outer
fibrous pericardium and the inner serous pericardium. The fibrous pericardium is made of tough, dense connective
tissue that protects the heart and maintains its position in the thorax. The more delicate serous pericardium consists
of two layers: the parietal pericardium, which is fused to the fibrous pericardium, and an inner visceral pericardium,
or epicardium, which is fused to the heart and is part of the heart wall. The pericardial cavity, filled with lubricating
serous fluid, lies between the epicardium and the pericardium.
In most organs within the body, visceral serous membranes such as the epicardium are microscopic. However, in
the case of the heart, it is not a microscopic layer but rather a macroscopic layer, consisting of a simple squamous
epithelium called a mesothelium, reinforced with loose, irregular, or areolar connective tissue that attaches to the
pericardium. This mesothelium secretes the lubricating serous fluid that fills the pericardial cavity and reduces
friction as the heart contracts. Figure 4 illustrates the pericardial membrane and the layers of the heart.

Figure 4. Pericardial Membranes and Layers of the Heart Wall. The pericardial membrane that surrounds the
heart consists of three layers and the pericardial cavity. The heart wall also consists of three layers. The
pericardial membrane and the heart wall share the epicardium.

Disorders of the…

Heart: Cardiac Tamponade
If excess fluid builds within the pericardial space, it can lead to a condition called cardiac tamponade, or pericardial
tamponade. With each contraction of the heart, more fluid—in most instances, blood—accumulates within the
pericardial cavity. In order to fill with blood for the next contraction, the heart must relax. However, the excess
fluid in the pericardial cavity puts pressure on the heart and prevents full relaxation, so the chambers within the
heart contain slightly less blood as they begin each heart cycle. Over time, less and less blood is ejected from the
heart. If the fluid builds up slowly, as in hypothyroidism, the pericardial cavity may be able to expand gradually to
accommodate this extra volume. Some cases of fluid in excess of one liter within the pericardial cavity have been
reported. Rapid accumulation of as little as 100 mL of fluid following trauma may trigger cardiac tamponade. Other
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common causes include myocardial rupture, pericarditis, cancer, or even cardiac surgery. Removal of this excess
fluid requires insertion of drainage tubes into the pericardial cavity. Premature removal of these drainage tubes,
for example, following cardiac surgery, or clot formation within these tubes are causes of this condition. Untreated,
cardiac tamponade can lead to death.

Surface Features of the Heart
Inside the pericardium, the surface features of the heart are visible, including the four chambers. There is a
superficial leaf-like extension of the atria near the superior surface of the heart, one on each side, called an auricle—a
name that means “ear like”—because its shape resembles the external ear of a human (Figure 5). Auricles are relatively
thin-walled structures that can fill with blood and empty into the atria or upper chambers of the heart. You may also
hear them referred to as atrial appendages. Also prominent is a series of fat-filled grooves, each of which is known as a
sulcus (plural = sulci), along the superior surfaces of the heart. Major coronary blood vessels are located in these sulci.
The deep coronary sulcus is located between the atria and ventricles. Located between the left and right ventricles
are two additional sulci that are not as deep as the coronary sulcus. The anterior interventricular sulcus is visible on
the anterior surface of the heart, whereas the posterior interventricular sulcus is visible on the posterior surface of
the heart. Figure 5 illustrates anterior and posterior views of the surface of the heart.

Figure 5. External Anatomy of the Heart. Inside the pericardium, the surface features of the heart are visible.
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Layers
The wall of the heart is composed of three layers of unequal thickness. From superficial to deep, these are the
epicardium, the myocardium, and the endocardium (see Figure 4). The outermost layer of the wall of the heart is also
the innermost layer of the pericardium, the epicardium, or the visceral pericardium discussed earlier.
The middle and thickest layer is the myocardium, made largely of cardiac muscle cells. It is built upon a framework
of collagenous fibers, plus the blood vessels that supply the myocardium and the nerve fibers that help regulate the
heart. It is the contraction of the myocardium that pumps blood through the heart and into the major arteries. The
muscle pattern is elegant and complex, as the muscle cells swirl and spiral around the chambers of the heart. They
form a figure 8 pattern around the atria and around the bases of the great vessels. Deeper ventricular muscles also
form a figure 8 around the two ventricles and proceed toward the apex. More superficial layers of ventricular muscle
wrap around both ventricles. This complex swirling pattern allows the heart to pump blood more effectively than a
simple linear pattern would. Figure 6 illustrates the arrangement of muscle cells.

Figure 6. Heart Musculature. The swirling pattern of cardiac
muscle tissue contributes significantly to the heart’s ability to
pump blood effectively.

Although the ventricles on the right and left sides pump the same amount of blood per contraction, the muscle of
the left ventricle is much thicker and better developed than that of the right ventricle. In order to overcome the high
resistance required to pump blood into the long systemic circuit, the left ventricle must generate a great amount of
pressure. The right ventricle does not need to generate as much pressure, since the pulmonary circuit is shorter and
provides less resistance. Figure 7 illustrates the differences in muscular thickness needed for each of the ventricles.
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Figure 7. Differences in Ventricular Muscle Thickness. The myocardium in the left ventricle is significantly thicker
than that of the right ventricle. Both ventricles pump the same amount of blood, but the left ventricle must
generate a much greater pressure to overcome greater resistance in the systemic circuit. The ventricles are
shown in both relaxed and contracting states. Note the differences in the relative size of the lumens, the region
inside each ventricle where the blood is contained.

The innermost layer of the heart wall, the endocardium, is joined to the myocardium with a thin layer of connective
tissue. The endocardium lines the chambers where the blood circulates and covers the heart valves. It is made of
simple squamous epithelium called endothelium, which is continuous with the endothelial lining of the blood vessels
(see Figure 4).
Once regarded as a simple lining layer, recent evidence indicates that the endothelium of the endocardium and
the coronary capillaries may play active roles in regulating the contraction of the muscle within the myocardium. The
endothelium may also regulate the growth patterns of the cardiac muscle cells throughout life, and the endothelins
it secretes create an environment in the surrounding tissue fluids that regulates ionic concentrations and states of
contractility. Endothelins are potent vasoconstrictors and, in a normal individual, establish a homeostatic balance
with other vasoconstrictors and vasodilators.

Internal Structure of the Heart
Recall that the heart’s contraction cycle follows a dual pattern of circulation—the pulmonary and systemic
circuits—because of the pairs of chambers that pump blood into the circulation. In order to develop a more precise
understanding of cardiac function, it is first necessary to explore the internal anatomical structures in more detail.

Septa of the Heart
The word septum is derived from the Latin for “something that encloses;” in this case, a septum (plural = septa) refers
to a wall or partition that divides the heart into chambers. The septa are physical extensions of the myocardium lined
with endocardium. Located between the two atria is the interatrial septum. Normally in an adult heart, the interatrial
septum bears an oval-shaped depression known as the fossa ovalis, a remnant of an opening in the fetal heart known
as the foramen ovale. The foramen ovale allowed blood in the fetal heart to pass directly from the right atrium to the
left atrium, allowing some blood to bypass the pulmonary circuit. Within seconds after birth, a flap of tissue known
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as the septum primum that previously acted as a valve closes the foramen ovale and establishes the typical cardiac
circulation pattern.
Between the two ventricles is a second septum known as the interventricular septum. Unlike the interatrial
septum, the interventricular septum is normally intact after its formation during fetal development. It is
substantially thicker than the interatrial septum, since the ventricles generate far greater pressure when they
contract.
The septum between the atria and ventricles is known as the atrioventricular septum. It is marked by the presence
of four openings that allow blood to move from the atria into the ventricles and from the ventricles into the
pulmonary trunk and aorta. Located in each of these openings between the atria and ventricles is a valve, a
specialized structure that ensures one-way flow of blood. The valves between the atria and ventricles are known
generically as atrioventricular valves. The valves at the openings that lead to the pulmonary trunk and aorta are
known generically as semilunar valves. The interventricular septum is visible in Figure 8. In this figure, the
atrioventricular septum has been removed to better show the bicupid and tricuspid valves; the interatrial septum
is not visible, since its location is covered by the aorta and pulmonary trunk. Since these openings and valves
structurally weaken the atrioventricular septum, the remaining tissue is heavily reinforced with dense connective
tissue called the cardiac skeleton, or skeleton of the heart. It includes four rings that surround the openings between
the atria and ventricles, and the openings to the pulmonary trunk and aorta, and serve as the point of attachment for
the heart valves. The cardiac skeleton also provides an important boundary in the heart electrical conduction system.

Figure 8. Internal Structures of the Heart. This anterior view of the heart shows the four chambers, the major
vessels and their early branches, as well as the valves. The presence of the pulmonary trunk and aorta covers the
interatrial septum, and the atrioventricular septum is cut away to show the atrioventricular valves.

Disorders of the…
Heart: Heart Defects
One very common form of interatrial septum pathology is patent foramen ovale, which occurs when the septum
primum does not close at birth, and the fossa ovalis is unable to fuse. The word patent is from the Latin root
patens for “open.” It may be benign or asymptomatic, perhaps never being diagnosed, or in extreme cases, it may
require surgical repair to close the opening permanently. As much as 20–25 percent of the general population may
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have a patent foramen ovale, but fortunately, most have the benign, asymptomatic version. Patent foramen ovale is
normally detected by auscultation of a heart murmur (an abnormal heart sound) and confirmed by imaging with an
echocardiogram. Despite its prevalence in the general population, the causes of patent ovale are unknown, and there
are no known risk factors. In nonlife-threatening cases, it is better to monitor the condition than to risk heart surgery
to repair and seal the opening.
Coarctation of the aorta is a congenital abnormal narrowing of the aorta that is normally located at the insertion
of the ligamentum arteriosum, the remnant of the fetal shunt called the ductus arteriosus. If severe, this condition
drastically restricts blood flow through the primary systemic artery, which is life threatening. In some individuals,
the condition may be fairly benign and not detected until later in life. Detectable symptoms in an infant include
difficulty breathing, poor appetite, trouble feeding, or failure to thrive. In older individuals, symptoms include
dizziness, fainting, shortness of breath, chest pain, fatigue, headache, and nosebleeds. Treatment involves surgery to
resect (remove) the affected region or angioplasty to open the abnormally narrow passageway. Studies have shown
that the earlier the surgery is performed, the better the chance of survival.
A patent ductus arteriosus is a congenital condition in which the ductus arteriosus fails to close. The condition
may range from severe to benign. Failure of the ductus arteriosus to close results in blood flowing from the higher
pressure aorta into the lower pressure pulmonary trunk. This additional fluid moving toward the lungs increases
pulmonary pressure and makes respiration difficult. Symptoms include shortness of breath (dyspnea), tachycardia,
enlarged heart, a widened pulse pressure, and poor weight gain in infants. Treatments include surgical closure
(ligation), manual closure using platinum coils or specialized mesh inserted via the femoral artery or vein, or
nonsteroidal anti-inflammatory drugs to block the synthesis of prostaglandin E2, which maintains the vessel in an
open position. If untreated, the condition can result in congestive heart failure.
Septal defects are not uncommon in individuals and may be congenital or caused by various disease processes.
Tetralogy of Fallot is a congenital condition that may also occur from exposure to unknown environmental factors;
it occurs when there is an opening in the interventricular septum caused by blockage of the pulmonary trunk,
normally at the pulmonary semilunar valve. This allows blood that is relatively low in oxygen from the right ventricle
to flow into the left ventricle and mix with the blood that is relatively high in oxygen. Symptoms include a distinct
heart murmur, low blood oxygen percent saturation, dyspnea or difficulty in breathing, polycythemia, broadening
(clubbing) of the fingers and toes, and in children, difficulty in feeding or failure to grow and develop. It is the
most common cause of cyanosis following birth. The term “tetralogy” is derived from the four components of the
condition, although only three may be present in an individual patient: pulmonary infundibular stenosis (rigidity of
the pulmonary valve), overriding aorta (the aorta is shifted above both ventricles), ventricular septal defect (opening),
and right ventricular hypertrophy (enlargement of the right ventricle). Other heart defects may also accompany this
condition, which is typically confirmed by echocardiography imaging. Tetralogy of Fallot occurs in approximately
400 out of one million live births. Normal treatment involves extensive surgical repair, including the use of stents to
redirect blood flow and replacement of valves and patches to repair the septal defect, but the condition has a relatively
high mortality. Survival rates are currently 75 percent during the first year of life; 60 percent by 4 years of age; 30
percent by 10 years; and 5 percent by 40 years.
In the case of severe septal defects, including both tetralogy of Fallot and patent foramen ovale, failure of the
heart to develop properly can lead to a condition commonly known as a “blue baby.” Regardless of normal skin
pigmentation, individuals with this condition have an insufficient supply of oxygenated blood, which leads to
cyanosis, a blue or purple coloration of the skin, especially when active.
Septal defects are commonly first detected through auscultation, listening to the chest using a stethoscope. In this
case, instead of hearing normal heart sounds attributed to the flow of blood and closing of heart valves, unusual heart
sounds may be detected. This is often followed by medical imaging to confirm or rule out a diagnosis. In many cases,
treatment may not be needed. Some common congenital heart defects are illustrated in Figure 9.
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Figure 9. Congenital Heart Defects. (a) A patent foramen ovale defect is an abnormal opening in the interatrial septum, or
more commonly, a failure of the foramen ovale to close. (b) Coarctation of the aorta is an abnormal narrowing of the
aorta. (c) A patent ductus arteriosus is the failure of the ductus arteriosus to close. (d) Tetralogy of Fallot includes an
abnormal opening in the interventricular septum.

Right Atrium
The right atrium serves as the receiving chamber for blood returning to the heart from the systemic circulation. The
two major systemic veins, the superior and inferior venae cavae, and the large coronary vein called the coronary sinus
that drains the heart myocardium empty into the right atrium. The superior vena cava drains blood from regions
superior to the diaphragm: the head, neck, upper limbs, and the thoracic region. It empties into the superior and
posterior portions of the right atrium. The inferior vena cava drains blood from areas inferior to the diaphragm:
the lower limbs and abdominopelvic region of the body. It, too, empties into the posterior portion of the atria, but
inferior to the opening of the superior vena cava. Immediately superior and slightly medial to the opening of the
inferior vena cava on the posterior surface of the atrium is the opening of the coronary sinus. This thin-walled vessel
drains most of the coronary veins that return systemic blood from the heart. The majority of the internal heart
structures discussed in this and subsequent sections are illustrated in Figure 8.
While the bulk of the internal surface of the right atrium is smooth, the depression of the fossa ovalis is medial,
and the anterior surface demonstrates prominent ridges of muscle called the pectinate muscles. The right auricle
also has pectinate muscles. The left atrium does not have pectinate muscles except in the auricle.
The atria receive venous blood on a nearly continuous basis, preventing venous flow from stopping while the
ventricles are contracting. While most ventricular filling occurs while the atria are relaxed, they do demonstrate
a contractile phase and actively pump blood into the ventricles just prior to ventricular contraction. The opening
between the atrium and ventricle is guarded by the tricuspid valve.

Right Ventricle
The right ventricle receives blood from the right atrium through the tricuspid valve. Each flap of the valve is attached
to strong strands of connective tissue, the chordae tendineae, literally “tendinous cords,” or sometimes more
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poetically referred to as “heart strings.” There are several chordae tendineae associated with each of the flaps. They
are composed of approximately 80 percent collagenous fibers with the remainder consisting of elastic fibers and
endothelium. They connect each of the flaps to a papillary muscle that extends from the inferior ventricular surface.
There are three papillary muscles in the right ventricle, called the anterior, posterior, and septal muscles, which
correspond to the three sections of the valves.
When the myocardium of the ventricle contracts, pressure within the ventricular chamber rises. Blood, like any
fluid, flows from higher pressure to lower pressure areas, in this case, toward the pulmonary trunk and the atrium.
To prevent any potential backflow, the papillary muscles also contract, generating tension on the chordae tendineae.
This prevents the flaps of the valves from being forced into the atria and regurgitation of the blood back into the atria
during ventricular contraction. Figure 10 shows papillary muscles and chordae tendineae attached to the tricuspid
valve.

Figure 10. Chordae Tendineae and Papillary Muscles. In this frontal section, you can see
papillary muscles attached to the tricuspid valve on the right as well as the mitral valve on the
left via chordae tendineae. (credit: modification of work by “PV KS”/flickr.com)

The walls of the ventricle are lined with trabeculae carneae, ridges of cardiac muscle covered by endocardium. In
addition to these muscular ridges, a band of cardiac muscle, also covered by endocardium, known as the moderator
band (see Figure 8) reinforces the thin walls of the right ventricle and plays a crucial role in cardiac conduction. It
arises from the inferior portion of the interventricular septum and crosses the interior space of the right ventricle to
connect with the inferior papillary muscle.
When the right ventricle contracts, it ejects blood into the pulmonary trunk, which branches into the left and
right pulmonary arteries that carry it to each lung. The superior surface of the right ventricle begins to taper as it
approaches the pulmonary trunk. At the base of the pulmonary trunk is the pulmonary semilunar valve that prevents
backflow from the pulmonary trunk.

Left Atrium
After exchange of gases in the pulmonary capillaries, blood returns to the left atrium high in oxygen via one of the
four pulmonary veins. While the left atrium does not contain pectinate muscles, it does have an auricle that includes
these pectinate ridges. Blood flows nearly continuously from the pulmonary veins back into the atrium, which acts as
the receiving chamber, and from here through an opening into the left ventricle. Most blood flows passively into the
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heart while both the atria and ventricles are relaxed, but toward the end of the ventricular relaxation period, the left
atrium will contract, pumping blood into the ventricle. This atrial contraction accounts for approximately 20 percent
of ventricular filling. The opening between the left atrium and ventricle is guarded by the mitral valve.

Left Ventricle
Recall that, although both sides of the heart will pump the same amount of blood, the muscular layer is much thicker
in the left ventricle compared to the right (see Figure 7). Like the right ventricle, the left also has trabeculae carneae,
but there is no moderator band. The mitral valve is connected to papillary muscles via chordae tendineae. There are
two papillary muscles on the left—the anterior and posterior—as opposed to three on the right.
The left ventricle is the major pumping chamber for the systemic circuit; it ejects blood into the aorta through the
aortic semilunar valve.

Heart Valve Structure and Function
A transverse section through the heart slightly above the level of the atrioventricular septum reveals all four heart
valves along the same plane (Figure 11). The valves ensure unidirectional blood flow through the heart. Between the
right atrium and the right ventricle is the right atrioventricular valve, or tricuspid valve. It typically consists of
three flaps, or leaflets, made of endocardium reinforced with additional connective tissue. The flaps are connected
by chordae tendineae to the papillary muscles, which control the opening and closing of the valves.

Figure 11. Heart Valves. With the atria and major vessels removed, all four valves are clearly visible,
although it is difficult to distinguish the three separate cusps of the tricuspid valve.

Emerging from the right ventricle at the base of the pulmonary trunk is the pulmonary semilunar valve, or the
pulmonary valve; it is also known as the pulmonic valve or the right semilunar valve. The pulmonary valve is
comprised of three small flaps of endothelium reinforced with connective tissue. When the ventricle relaxes, the
pressure differential causes blood to flow back into the ventricle from the pulmonary trunk. This flow of blood fills
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the pocket-like flaps of the pulmonary valve, causing the valve to close and producing an audible sound. Unlike the
atrioventricular valves, there are no papillary muscles or chordae tendineae associated with the pulmonary valve.
Located at the opening between the left atrium and left ventricle is the mitral valve, also called the bicuspid valve
or the left atrioventricular valve. Structurally, this valve consists of two cusps, known as the anterior medial cusp
and the posterior medial cusp, compared to the three cusps of the tricuspid valve. In a clinical setting, the valve
is referred to as the mitral valve, rather than the bicuspid valve. The two cusps of the mitral valve are attached by
chordae tendineae to two papillary muscles that project from the wall of the ventricle.
At the base of the aorta is the aortic semilunar valve, or the aortic valve, which prevents backflow from the aorta.
It normally is composed of three flaps. When the ventricle relaxes and blood attempts to flow back into the ventricle
from the aorta, blood will fill the cusps of the valve, causing it to close and producing an audible sound.
In Figure 12a, the two atrioventricular valves are open and the two semilunar valves are closed. This occurs when
both atria and ventricles are relaxed and when the atria contract to pump blood into the ventricles. Figure 12b shows
a frontal view. Although only the left side of the heart is illustrated, the process is virtually identical on the right.

Figure 12. Blood Flow from the Left Atrium to the Left Ventricle. (a) A transverse section through the heart
illustrates the four heart valves. The two atrioventricular valves are open; the two semilunar valves are closed.
The atria and vessels have been removed. (b) A frontal section through the heart illustrates blood flow through
the mitral valve. When the mitral valve is open, it allows blood to move from the left atrium to the left ventricle.
The aortic semilunar valve is closed to prevent backflow of blood from the aorta to the left ventricle.

Figure 13a shows the atrioventricular valves closed while the two semilunar valves are open. This occurs when the
ventricles contract to eject blood into the pulmonary trunk and aorta. Closure of the two atrioventricular valves
prevents blood from being forced back into the atria. This stage can be seen from a frontal view in Figure 13b.
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Figure 13. Blood Flow from the Left Ventricle into the Great Vessels. (a) A transverse section through the heart
illustrates the four heart valves during ventricular contraction. The two atrioventricular valves are closed, but
the two semilunar valves are open. The atria and vessels have been removed. (b) A frontal view shows the closed
mitral (bicuspid) valve that prevents backflow of blood into the left atrium. The aortic semilunar valve is open to
allow blood to be ejected into the aorta.

When the ventricles begin to contract, pressure within the ventricles rises and blood flows toward the area of lowest
pressure, which is initially in the atria. This backflow causes the cusps of the tricuspid and mitral (bicuspid) valves
to close. These valves are tied down to the papillary muscles by chordae tendineae. During the relaxation phase of
the cardiac cycle, the papillary muscles are also relaxed and the tension on the chordae tendineae is slight (see Figure
12b). However, as the myocardium of the ventricle contracts, so do the papillary muscles. This creates tension on the
chordae tendineae (see Figure 13b), helping to hold the cusps of the atrioventricular valves in place and preventing
them from being blown back into the atria.
The aortic and pulmonary semilunar valves lack the chordae tendineae and papillary muscles associated with
the atrioventricular valves. Instead, they consist of pocket-like folds of endocardium reinforced with additional
connective tissue. When the ventricles relax and the change in pressure forces the blood toward the ventricles, the
blood presses against these cusps and seals the openings.
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Visit this site to observe an
echocardiogram of actual
heart valves opening and
closing.

Visit this site to observe an echocardiogram of actual heart valves opening and closing. Although much of the heart
has been “removed” from this gif loop so the chordae tendineae are not visible, why is their presence more critical for
the atrioventricular valves (tricuspid and mitral) than the semilunar (aortic and pulmonary) valves?
Disorders of the…
Heart Valves
When heart valves do not function properly, they are often described as incompetent and result in valvular heart
disease, which can range from benign to lethal. Some of these conditions are congenital, that is, the individual
was born with the defect, whereas others may be attributed to disease processes or trauma. Some malfunctions are
treated with medications, others require surgery, and still others may be mild enough that the condition is merely
monitored since treatment might trigger more serious consequences.
Valvular disorders are often caused by carditis, or inflammation of the heart. One common trigger for this
inflammation is rheumatic fever, or scarlet fever, an autoimmune response to the presence of a bacterium,
Streptococcus pyogenes, normally a disease of childhood.
While any of the heart valves may be involved in valve disorders, mitral regurgitation is the most common,
detected in approximately 2 percent of the population, and the pulmonary semilunar valve is the least frequently
involved. When a valve malfunctions, the flow of blood to a region will often be disrupted. The resulting inadequate
flow of blood to this region will be described in general terms as an insufficiency. The specific type of insufficiency
is named for the valve involved: aortic insufficiency, mitral insufficiency, tricuspid insufficiency, or pulmonary
insufficiency.
If one of the cusps of the valve is forced backward by the force of the blood, the condition is referred to as a
prolapsed valve. Prolapse may occur if the chordae tendineae are damaged or broken, causing the closure mechanism
to fail. The failure of the valve to close properly disrupts the normal one-way flow of blood and results in
regurgitation, when the blood flows backward from its normal path. Using a stethoscope, the disruption to the
normal flow of blood produces a heart murmur.
Stenosis is a condition in which the heart valves become rigid and may calcify over time. The loss of flexibility of
the valve interferes with normal function and may cause the heart to work harder to propel blood through the valve,
which eventually weakens the heart. Aortic stenosis affects approximately 2 percent of the population over 65 years of
age, and the percentage increases to approximately 4 percent in individuals over 85 years. Occasionally, one or more
of the chordae tendineae will tear or the papillary muscle itself may die as a component of a myocardial infarction
(heart attack). In this case, the patient’s condition will deteriorate dramatically and rapidly, and immediate surgical
intervention may be required.
Auscultation, or listening to a patient’s heart sounds, is one of the most useful diagnostic tools, since it is proven,
safe, and inexpensive. The term auscultation is derived from the Latin for “to listen,” and the technique has been used
for diagnostic purposes as far back as the ancient Egyptians. Valve and septal disorders will trigger abnormal heart
sounds. If a valvular disorder is detected or suspected, a test called an echocardiogram, or simply an “echo,” may be
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ordered. Echocardiograms are sonograms of the heart and can help in the diagnosis of valve disorders as well as a
wide variety of heart pathologies.

Visit this site for a free
download, including
excellent animations and
audio of heart sounds.

Visit this site for a free download, including excellent animations and audio of heart sounds.
Career Connection

Cardiologist
Cardiologists are medical doctors that specialize in the diagnosis and treatment of diseases of the heart. After
completing 4 years of medical school, cardiologists complete a three-year residency in internal medicine followed
by an additional three or more years in cardiology. Following this 10-year period of medical training and clinical
experience, they qualify for a rigorous two-day examination administered by the Board of Internal Medicine that
tests their academic training and clinical abilities, including diagnostics and treatment. After successful completion
of this examination, a physician becomes a board-certified cardiologist. Some board-certified cardiologists may be
invited to become a Fellow of the American College of Cardiology (FACC). This professional recognition is awarded
to outstanding physicians based upon merit, including outstanding credentials, achievements, and community
contributions to cardiovascular medicine.

Visit this site to learn more
about cardiologists.

Visit this site to learn more about cardiologists.
Career Connection
Cardiovascular Technologist/Technician
Cardiovascular technologists/technicians are trained professionals who perform a variety of imaging techniques,
such as sonograms or echocardiograms, used by physicians to diagnose and treat diseases of the heart. Nearly all of
these positions require an associate degree, and these technicians earn a median salary of $49,410 as of May 2010,
according to the U.S. Bureau of Labor Statistics. Growth within the field is fast, projected at 29 percent from 2010 to
2020.
There is a considerable overlap and complementary skills between cardiac technicians and vascular technicians,
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and so the term cardiovascular technician is often used. Special certifications within the field require documenting
appropriate experience and completing additional and often expensive certification examinations. These
subspecialties include Certified Rhythm Analysis Technician (CRAT), Certified Cardiographic Technician (CCT),
Registered Congenital Cardiac Sonographer (RCCS), Registered Cardiac Electrophysiology Specialist (RCES),
Registered Cardiovascular Invasive Specialist (RCIS), Registered Cardiac Sonographer (RCS), Registered Vascular
Specialist (RVS), and Registered Phlebology Sonographer (RPhS).

Visit this site for more
information on
cardiovascular
technologists/technicians.

Visit this site for more information on cardiovascular technologists/technicians.

Coronary Circulation
You will recall that the heart is a remarkable pump composed largely of cardiac muscle cells that are incredibly active
throughout life. Like all other cells, a cardiomyocyte requires a reliable supply of oxygen and nutrients, and a way to
remove wastes, so it needs a dedicated, complex, and extensive coronary circulation. And because of the critical and
nearly ceaseless activity of the heart throughout life, this need for a blood supply is even greater than for a typical cell.
However, coronary circulation is not continuous; rather, it cycles, reaching a peak when the heart muscle is relaxed
and nearly ceasing while it is contracting.

Coronary Arteries
Coronary arteries supply blood to the myocardium and other components of the heart. The first portion of the aorta
after it arises from the left ventricle gives rise to the coronary arteries. There are three dilations in the wall of the
aorta just superior to the aortic semilunar valve. Two of these, the left posterior aortic sinus and anterior aortic sinus,
give rise to the left and right coronary arteries, respectively. The third sinus, the right posterior aortic sinus, typically
does not give rise to a vessel. Coronary vessel branches that remain on the surface of the artery and follow the sulci
are called epicardial coronary arteries.
The left coronary artery distributes blood to the left side of the heart, the left atrium and ventricle, and the
interventricular septum. The circumflex artery arises from the left coronary artery and follows the coronary sulcus
to the left. Eventually, it will fuse with the small branches of the right coronary artery. The larger anterior
interventricular artery, also known as the left anterior descending artery (LAD), is the second major branch arising
from the left coronary artery. It follows the anterior interventricular sulcus around the pulmonary trunk. Along the
way it gives rise to numerous smaller branches that interconnect with the branches of the posterior interventricular
artery, forming anastomoses. An anastomosis is an area where vessels unite to form interconnections that normally
allow blood to circulate to a region even if there may be partial blockage in another branch. The anastomoses in the
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heart are very small. Therefore, this ability is somewhat restricted in the heart so a coronary artery blockage often
results in death of the cells (myocardial infarction) supplied by the particular vessel.
The right coronary artery proceeds along the coronary sulcus and distributes blood to the right atrium, portions
of both ventricles, and the heart conduction system. Normally, one or more marginal arteries arise from the right
coronary artery inferior to the right atrium. The marginal arteries supply blood to the superficial portions of the right
ventricle. On the posterior surface of the heart, the right coronary artery gives rise to the posterior interventricular
artery, also known as the posterior descending artery. It runs along the posterior portion of the interventricular
sulcus toward the apex of the heart, giving rise to branches that supply the interventricular septum and portions of
both ventricles. Figure 14 presents views of the coronary circulation from both the anterior and posterior views.

Figure 14. Coronary Circulation. The anterior view of the heart shows the prominent coronary surface vessels. The posterior view
of the heart shows the prominent coronary surface vessels.

Diseases of the…
Heart: Myocardial Infarction
Myocardial infarction (MI) is the formal term for what is commonly referred to as a heart attack. It normally results
from a lack of blood flow (ischemia) and oxygen (hypoxia) to a region of the heart, resulting in death of the cardiac
muscle cells. An MI often occurs when a coronary artery is blocked by the buildup of atherosclerotic plaque consisting
of lipids, cholesterol and fatty acids, and white blood cells, primarily macrophages. It can also occur when a portion
of an unstable atherosclerotic plaque travels through the coronary arterial system and lodges in one of the smaller
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vessels. The resulting blockage restricts the flow of blood and oxygen to the myocardium and causes death of the
tissue. MIs may be triggered by excessive exercise, in which the partially occluded artery is no longer able to pump
sufficient quantities of blood, or severe stress, which may induce spasm of the smooth muscle in the walls of the
vessel.
In the case of acute MI, there is often sudden pain beneath the sternum (retrosternal pain) called angina pectoris,
often radiating down the left arm in males but not in female patients. Until this anomaly between the sexes was
discovered, many female patients suffering MIs were misdiagnosed and sent home. In addition, patients typically
present with difficulty breathing and shortness of breath (dyspnea), irregular heartbeat (palpations), nausea and
vomiting, sweating (diaphoresis), anxiety, and fainting (syncope), although not all of these symptoms may be
present. Many of the symptoms are shared with other medical conditions, including anxiety attacks and simple
indigestion, so differential diagnosis is critical. It is estimated that between 22 and 64 percent of MIs present without
any symptoms.
An MI can be confirmed by examining the patient’s ECG, which frequently reveals alterations in the ST and Q
components. Some classification schemes of MI are referred to as ST-elevated MI (STEMI) and non-elevated MI
(non-STEMI). In addition, echocardiography or cardiac magnetic resonance imaging may be employed. Common
blood tests indicating an MI include elevated levels of creatine kinase MB (an enzyme that catalyzes the conversion of
creatine to phosphocreatine, consuming ATP) and cardiac troponin (the regulatory protein for muscle contraction),
both of which are released by damaged cardiac muscle cells.
Immediate treatments for MI are essential and include administering supplemental oxygen, aspirin that helps to
break up clots, and nitroglycerine administered sublingually (under the tongue) to facilitate its absorption. Despite
its unquestioned success in treatments and use since the 1880s, the mechanism of nitroglycerine is still incompletely
understood but is believed to involve the release of nitric oxide, a known vasodilator, and endothelium-derived
releasing factor, which also relaxes the smooth muscle in the tunica media of coronary vessels. Longer-term
treatments include injections of thrombolytic agents such as streptokinase that dissolve the clot, the anticoagulant
heparin, balloon angioplasty and stents to open blocked vessels, and bypass surgery to allow blood to pass around
the site of blockage. If the damage is extensive, coronary replacement with a donor heart or coronary assist device, a
sophisticated mechanical device that supplements the pumping activity of the heart, may be employed. Despite the
attention, development of artificial hearts to augment the severely limited supply of heart donors has proven less
than satisfactory but will likely improve in the future.
MIs may trigger cardiac arrest, but the two are not synonymous. Important risk factors for MI include
cardiovascular disease, age, smoking, high blood levels of the low-density lipoprotein (LDL, often referred to as “bad”
cholesterol), low levels of high-density lipoprotein (HDL, or “good” cholesterol), hypertension, diabetes mellitus,
obesity, lack of physical exercise, chronic kidney disease, excessive alcohol consumption, and use of illegal drugs.

Coronary Veins
Coronary veins drain the heart and generally parallel the large surface arteries (see Figure 14). The great cardiac
vein can be seen initially on the surface of the heart following the interventricular sulcus, but it eventually flows
along the coronary sulcus into the coronary sinus on the posterior surface. The great cardiac vein initially parallels
the anterior interventricular artery and drains the areas supplied by this vessel. It receives several major branches,
including the posterior cardiac vein, the middle cardiac vein, and the small cardiac vein. The posterior cardiac vein
parallels and drains the areas supplied by the marginal artery branch of the circumflex artery. The middle cardiac
vein parallels and drains the areas supplied by the posterior interventricular artery. The small cardiac vein parallels
the right coronary artery and drains the blood from the posterior surfaces of the right atrium and ventricle. The
coronary sinus is a large, thin-walled vein on the posterior surface of the heart lying within the atrioventricular sulcus
314 | LAYCI HARRISON

and emptying directly into the right atrium. The anterior cardiac veins parallel the small cardiac arteries and drain
the anterior surface of the right ventricle. Unlike these other cardiac veins, it bypasses the coronary sinus and drains
directly into the right atrium.
Diseases of the…
Heart: Coronary Artery Disease
Coronary artery disease is the leading cause of death worldwide. It occurs when the buildup of plaque—a fatty
material including cholesterol, connective tissue, white blood cells, and some smooth muscle cells—within the walls
of the arteries obstructs the flow of blood and decreases the flexibility or compliance of the vessels. This condition
is called atherosclerosis, a hardening of the arteries that involves the accumulation of plaque. As the coronary blood
vessels become occluded, the flow of blood to the tissues will be restricted, a condition called ischemia that causes
the cells to receive insufficient amounts of oxygen, called hypoxia. Figure 15 shows the blockage of coronary arteries
highlighted by the injection of dye. Some individuals with coronary artery disease report pain radiating from the
chest called angina pectoris, but others remain asymptomatic. If untreated, coronary artery disease can lead to MI or
a heart attack.

Figure 15. Atherosclerotic Coronary Arteries. In this coronary angiogram (X-ray), the dye
makes visible two occluded coronary arteries. Such blockages can lead to decreased blood
flow (ischemia) and insufficient oxygen (hypoxia) delivered to the cardiac tissues. If
uncorrected, this can lead to cardiac muscle death (myocardial infarction).

The disease progresses slowly and often begins in children and can be seen as fatty “streaks” in the vessels. It then
gradually progresses throughout life. Well-documented risk factors include smoking, family history, hypertension,
obesity, diabetes, high alcohol consumption, lack of exercise, stress, and hyperlipidemia or high circulating levels
of lipids in the blood. Treatments may include medication, changes to diet and exercise, angioplasty with a balloon
catheter, insertion of a stent, or coronary bypass procedure.
Angioplasty is a procedure in which the occlusion is mechanically widened with a balloon. A specialized catheter
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with an expandable tip is inserted into a superficial vessel, normally in the leg, and then directed to the site of the
occlusion. At this point, the balloon is inflated to compress the plaque material and to open the vessel to increase
blood flow. Then, the balloon is deflated and retracted. A stent consisting of a specialized mesh is typically inserted at
the site of occlusion to reinforce the weakened and damaged walls. Stent insertions have been routine in cardiology
for more than 40 years.
Coronary bypass surgery may also be performed. This surgical procedure grafts a replacement vessel obtained
from another, less vital portion of the body to bypass the occluded area. This procedure is clearly effective in treating
patients experiencing a MI, but overall does not increase longevity. Nor does it seem advisable in patients with stable
although diminished cardiac capacity since frequently loss of mental acuity occurs following the procedure. Longterm changes to behavior, emphasizing diet and exercise plus a medicine regime tailored to lower blood pressure,
lower cholesterol and lipids, and reduce clotting are equally as effective.

Chapter Review
The heart resides within the pericardial sac and is located in the mediastinal space within the thoracic cavity. The
pericardial sac consists of two fused layers: an outer fibrous capsule and an inner parietal pericardium lined with a
serous membrane. Between the pericardial sac and the heart is the pericardial cavity, which is filled with lubricating
serous fluid. The walls of the heart are composed of an outer epicardium, a thick myocardium, and an inner lining
layer of endocardium. The human heart consists of a pair of atria, which receive blood and pump it into a pair of
ventricles, which pump blood into the vessels. The right atrium receives systemic blood relatively low in oxygen and
pumps it into the right ventricle, which pumps it into the pulmonary circuit. Exchange of oxygen and carbon dioxide
occurs in the lungs, and blood high in oxygen returns to the left atrium, which pumps blood into the left ventricle,
which in turn pumps blood into the aorta and the remainder of the systemic circuit. The septa are the partitions
that separate the chambers of the heart. They include the interatrial septum, the interventricular septum, and the
atrioventricular septum. Two of these openings are guarded by the atrioventricular valves, the right tricuspid valve
and the left mitral valve, which prevent the backflow of blood. Each is attached to chordae tendineae that extend to
the papillary muscles, which are extensions of the myocardium, to prevent the valves from being blown back into the
atria. The pulmonary valve is located at the base of the pulmonary trunk, and the left semilunar valve is located at the
base of the aorta. The right and left coronary arteries are the first to branch off the aorta and arise from two of the
three sinuses located near the base of the aorta and are generally located in the sulci. Cardiac veins parallel the small
cardiac arteries and generally drain into the coronary sinus.

Interactive Link Questions
Visit this site to observe an echocardiogram of actual heart valves opening and closing. Although much of the heart
has been “removed” from this gif loop so the chordae tendineae are not visible, why is their presence more critical for
the atrioventricular valves (tricuspid and mitral) than the semilunar (aortic and pulmonary) valves?
The pressure gradient between the atria and the ventricles is much greater than that between the ventricles and the
pulmonary trunk and aorta. Without the presence of the chordae tendineae and papillary muscles, the valves would
be blown back (prolapsed) into the atria and blood would regurgitate.
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Review Questions
1. Which of the following is not important in preventing backflow of blood?

A. chordae tendineae
B. papillary muscles
C. AV valves
D. endocardium
2. Which valve separates the left atrium from the left ventricle?

A. mitral
B. tricuspid
C. pulmonary
D. aortic
3. Which of the following lists the valves in the order through which the blood flows from the vena cava through the heart?

A. tricuspid, pulmonary semilunar, bicuspid, aortic semilunar
B. mitral, pulmonary semilunar, bicuspid, aortic semilunar
C. aortic semilunar, pulmonary semilunar, tricuspid, bicuspid
D. bicuspid, aortic semilunar, tricuspid, pulmonary semilunar
4. Which chamber initially receives blood from the systemic circuit?

A. left atrium
B. left ventricle
C. right atrium
D. right ventricle
5. The ________ layer secretes chemicals that help to regulate ionic environments and strength of contraction and serve as powerful
vasoconstrictors.

A. pericardial sac
B. endocardium
C. myocardium
D. epicardium
6. The myocardium would be the thickest in the ________.

A. left atrium
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B. left ventricle
C. right atrium
D. right ventricle
7. In which septum is it normal to find openings in the adult?

A. interatrial septum
B. interventricular septum
C. atrioventricular septum
D. all of the above

Critical Thinking Questions
1. Describe how the valves keep the blood moving in one direction.

2. Why is the pressure in the pulmonary circulation lower than in the systemic circulation?

Glossary
anastomosis
(plural = anastomoses) area where vessels unite to allow blood to circulate even if there may be partial blockage
in another branch
anterior cardiac veins
vessels that parallel the small cardiac arteries and drain the anterior surface of the right ventricle; bypass the
coronary sinus and drain directly into the right atrium
anterior interventricular artery
(also, left anterior descending artery or LAD) major branch of the left coronary artery that follows the anterior
interventricular sulcus
anterior interventricular sulcus
sulcus located between the left and right ventricles on the anterior surface of the heart
aortic valve
(also, aortic semilunar valve) valve located at the base of the aorta
atrioventricular septum
cardiac septum located between the atria and ventricles; atrioventricular valves are located here
atrioventricular valves
one-way valves located between the atria and ventricles; the valve on the right is called the tricuspid valve, and
the one on the left is the mitral or bicuspid valve
atrium
(plural = atria) upper or receiving chamber of the heart that pumps blood into the lower chambers just prior to
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their contraction; the right atrium receives blood from the systemic circuit that flows into the right ventricle;
the left atrium receives blood from the pulmonary circuit that flows into the left ventricle
auricle
extension of an atrium visible on the superior surface of the heart
bicuspid valve
(also, mitral valve or left atrioventricular valve) valve located between the left atrium and ventricle; consists of
two flaps of tissue
cardiac notch
depression in the medial surface of the inferior lobe of the left lung where the apex of the heart is located
cardiac skeleton
(also, skeleton of the heart) reinforced connective tissue located within the atrioventricular septum; includes
four rings that surround the openings between the atria and ventricles, and the openings to the pulmonary
trunk and aorta; the point of attachment for the heart valves
cardiomyocyte
muscle cell of the heart
chordae tendineae
string-like extensions of tough connective tissue that extend from the flaps of the atrioventricular valves to the
papillary muscles
circumflex artery
branch of the left coronary artery that follows coronary sulcus
coronary arteries
branches of the ascending aorta that supply blood to the heart; the left coronary artery feeds the left side of the
heart, the left atrium and ventricle, and the interventricular septum; the right coronary artery feeds the right
atrium, portions of both ventricles, and the heart conduction system
coronary sinus
large, thin-walled vein on the posterior surface of the heart that lies within the atrioventricular sulcus and
drains the heart myocardium directly into the right atrium
coronary sulcus
sulcus that marks the boundary between the atria and ventricles
coronary veins
vessels that drain the heart and generally parallel the large surface arteries
endocardium
innermost layer of the heart lining the heart chambers and heart valves; composed of endothelium reinforced
with a thin layer of connective tissue that binds to the myocardium
endothelium
layer of smooth, simple squamous epithelium that lines the endocardium and blood vessels
epicardial coronary arteries
surface arteries of the heart that generally follow the sulci
epicardium
innermost layer of the serous pericardium and the outermost layer of the heart wall
foramen ovale
opening in the fetal heart that allows blood to flow directly from the right atrium to the left atrium, bypassing
the fetal pulmonary circuit
fossa ovalis
oval-shaped depression in the interatrial septum that marks the former location of the foramen ovale
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great cardiac vein
vessel that follows the interventricular sulcus on the anterior surface of the heart and flows along the coronary
sulcus into the coronary sinus on the posterior surface; parallels the anterior interventricular artery and drains
the areas supplied by this vessel
hypertrophic cardiomyopathy
pathological enlargement of the heart, generally for no known reason
inferior vena cava
large systemic vein that returns blood to the heart from the inferior portion of the body
interatrial septum
cardiac septum located between the two atria; contains the fossa ovalis after birth
interventricular septum
cardiac septum located between the two ventricles
left atrioventricular valve
(also, mitral valve or bicuspid valve) valve located between the left atrium and ventricle; consists of two flaps of
tissue
marginal arteries
branches of the right coronary artery that supply blood to the superficial portions of the right ventricle
mesothelium
simple squamous epithelial portion of serous membranes, such as the superficial portion of the epicardium
(the visceral pericardium) and the deepest portion of the pericardium (the parietal pericardium)
middle cardiac vein
vessel that parallels and drains the areas supplied by the posterior interventricular artery; drains into the great
cardiac vein
mitral valve
(also, left atrioventricular valve or bicuspid valve) valve located between the left atrium and ventricle; consists
of two flaps of tissue
moderator band
band of myocardium covered by endocardium that arises from the inferior portion of the interventricular
septum in the right ventricle and crosses to the anterior papillary muscle; contains conductile fibers that carry
electrical signals followed by contraction of the heart
myocardium
thickest layer of the heart composed of cardiac muscle cells built upon a framework of primarily collagenous
fibers and blood vessels that supply it and the nervous fibers that help to regulate it
papillary muscle
extension of the myocardium in the ventricles to which the chordae tendineae attach
pectinate muscles
muscular ridges seen on the anterior surface of the right atrium
pericardial cavity
cavity surrounding the heart filled with a lubricating serous fluid that reduces friction as the heart contracts
pericardial sac
(also, pericardium) membrane that separates the heart from other mediastinal structures; consists of two
distinct, fused sublayers: the fibrous pericardium and the parietal pericardium
pericardium
(also, pericardial sac) membrane that separates the heart from other mediastinal structures; consists of two
distinct, fused sublayers: the fibrous pericardium and the parietal pericardium
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posterior cardiac vein
vessel that parallels and drains the areas supplied by the marginal artery branch of the circumflex artery; drains
into the great cardiac vein
posterior interventricular artery
(also, posterior descending artery) branch of the right coronary artery that runs along the posterior portion of
the interventricular sulcus toward the apex of the heart and gives rise to branches that supply the
interventricular septum and portions of both ventricles
posterior interventricular sulcus
sulcus located between the left and right ventricles on the anterior surface of the heart
pulmonary arteries
left and right branches of the pulmonary trunk that carry deoxygenated blood from the heart to each of the
lungs
pulmonary capillaries
capillaries surrounding the alveoli of the lungs where gas exchange occurs: carbon dioxide exits the blood and
oxygen enters
pulmonary circuit
blood flow to and from the lungs
pulmonary trunk
large arterial vessel that carries blood ejected from the right ventricle; divides into the left and right pulmonary
arteries
pulmonary valve
(also, pulmonary semilunar valve, the pulmonic valve, or the right semilunar valve) valve at the base of the
pulmonary trunk that prevents backflow of blood into the right ventricle; consists of three flaps
pulmonary veins
veins that carry highly oxygenated blood into the left atrium, which pumps the blood into the left ventricle,
which in turn pumps oxygenated blood into the aorta and to the many branches of the systemic circuit
right atrioventricular valve
(also, tricuspid valve) valve located between the right atrium and ventricle; consists of three flaps of tissue
semilunar valves
valves located at the base of the pulmonary trunk and at the base of the aorta
septum
(plural = septa) walls or partitions that divide the heart into chambers
septum primum
flap of tissue in the fetus that covers the foramen ovale within a few seconds after birth
small cardiac vein
parallels the right coronary artery and drains blood from the posterior surfaces of the right atrium and
ventricle; drains into the great cardiac vein
sulcus
(plural = sulci) fat-filled groove visible on the surface of the heart; coronary vessels are also located in these
areas
superior vena cava
large systemic vein that returns blood to the heart from the superior portion of the body
systemic circuit
blood flow to and from virtually all of the tissues of the body
trabeculae carneae
ridges of muscle covered by endocardium located in the ventricles
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tricuspid valve
term used most often in clinical settings for the right atrioventricular valve
valve
in the cardiovascular system, a specialized structure located within the heart or vessels that ensures one-way
flow of blood
ventricle
one of the primary pumping chambers of the heart located in the lower portion of the heart; the left ventricle is
the major pumping chamber on the lower left side of the heart that ejects blood into the systemic circuit via the
aorta and receives blood from the left atrium; the right ventricle is the major pumping chamber on the lower
right side of the heart that ejects blood into the pulmonary circuit via the pulmonary trunk and receives blood
from the right atrium

Solutions
Answers for Review Questions

1. D
2. A
3. A
4. C
5. B
6. B
7. C
Answers for Critical Thinking Questions

1. When the ventricles contract and pressure begins to rise in the ventricles, there is an initial tendency for blood to flow back
(regurgitate) to the atria. However, the papillary muscles also contract, placing tension on the chordae tendineae and holding the
atrioventricular valves (tricuspid and mitral) in place to prevent the valves from prolapsing and being forced back into the atria. The
semilunar valves (pulmonary and aortic) lack chordae tendineae and papillary muscles, but do not face the same pressure gradients
as do the atrioventricular valves. As the ventricles relax and pressure drops within the ventricles, there is a tendency for the blood to
flow backward. However, the valves, consisting of reinforced endothelium and connective tissue, fill with blood and seal off the
opening preventing the return of blood.
2. The pulmonary circuit consists of blood flowing to and from the lungs, whereas the systemic circuit carries blood to and from the
entire body. The systemic circuit is far more extensive, consisting of far more vessels and offers much greater resistance to the flow of
blood, so the heart must generate a higher pressure to overcome this resistance. This can be seen in the thickness of the
myocardium in the ventricles.

322 | LAYCI HARRISON

23

The Lungs

Learning Objectives
By the end of this section, you will be able to:

• Describe the overall function of the lung
• Summarize the blood flow pattern associated with the lungs
• Outline the anatomy of the blood supply to the lungs
• Describe the pleura of the lungs and their function

A major organ of the respiratory system, each lung houses structures of both the conducting and respiratory zones.
The main function of the lungs is to perform the exchange of oxygen and carbon dioxide with air from the
atmosphere. To this end, the lungs exchange respiratory gases across a very large epithelial surface area—about 70
square meters—that is highly permeable to gases.

Gross Anatomy of the Lungs
The lungs are pyramid-shaped, paired organs that are connected to the trachea by the right and left bronchi; on
the inferior surface, the lungs are bordered by the diaphragm. The diaphragm is the flat, dome-shaped muscle
located at the base of the lungs and thoracic cavity. The lungs are enclosed by the pleurae, which are attached to the
mediastinum. The right lung is shorter and wider than the left lung, and the left lung occupies a smaller volume than
the right. The cardiac notch is an indentation on the surface of the left lung, and it allows space for the heart (Figure
1). The apex of the lung is the superior region, whereas the base is the opposite region near the diaphragm. The costal
surface of the lung borders the ribs. The mediastinal surface faces the midline.
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Figure 1. Gross Anatomy of the Lungs.

Each lung is composed of smaller units called lobes. Fissures separate these lobes from each other. The right lung
consists of three lobes: the superior, middle, and inferior lobes. The left lung consists of two lobes: the superior and
inferior lobes. A bronchopulmonary segment is a division of a lobe, and each lobe houses multiple bronchopulmonary
segments. Each segment receives air from its own tertiary bronchus and is supplied with blood by its own artery.
Some diseases of the lungs typically affect one or more bronchopulmonary segments, and in some cases, the diseased
segments can be surgically removed with little influence on neighboring segments. A pulmonary lobule is a
subdivision formed as the bronchi branch into bronchioles. Each lobule receives its own large bronchiole that has
multiple branches. An interlobular septum is a wall, composed of connective tissue, which separates lobules from one
another.

Blood Supply and Nervous Innervation of the Lungs
The blood supply of the lungs plays an important role in gas exchange and serves as a transport system for gases
throughout the body. In addition, innervation by the both the parasympathetic and sympathetic nervous systems
provides an important level of control through dilation and constriction of the airway.

Blood Supply
The major function of the lungs is to perform gas exchange, which requires blood from the pulmonary circulation.
This blood supply contains deoxygenated blood and travels to the lungs where erythrocytes, also known as red blood
cells, pick up oxygen to be transported to tissues throughout the body. The pulmonary artery is an artery that arises
from the pulmonary trunk and carries deoxygenated, arterial blood to the alveoli. The pulmonary artery branches
multiple times as it follows the bronchi, and each branch becomes progressively smaller in diameter. One arteriole
and an accompanying venule supply and drain one pulmonary lobule. As they near the alveoli, the pulmonary arteries
become the pulmonary capillary network. The pulmonary capillary network consists of tiny vessels with very thin
walls that lack smooth muscle fibers. The capillaries branch and follow the bronchioles and structure of the alveoli. It
is at this point that the capillary wall meets the alveolar wall, creating the respiratory membrane. Once the blood is
oxygenated, it drains from the alveoli by way of multiple pulmonary veins, which exit the lungs through the hilum.
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Nervous Innervation
Dilation and constriction of the airway are achieved through nervous control by the parasympathetic and
sympathetic nervous systems. The parasympathetic system causes bronchoconstriction, whereas the sympathetic
nervous system stimulates bronchodilation. Reflexes such as coughing, and the ability of the lungs to regulate oxygen
and carbon dioxide levels, also result from this autonomic nervous system control. Sensory nerve fibers arise from
the vagus nerve, and from the second to fifth thoracic ganglia. The pulmonary plexus is a region on the lung root
formed by the entrance of the nerves at the hilum. The nerves then follow the bronchi in the lungs and branch to
innervate muscle fibers, glands, and blood vessels.

Pleura of the Lungs
Each lung is enclosed within a cavity that is surrounded by the pleura. The pleura (plural = pleurae) is a serous
membrane that surrounds the lung. The right and left pleurae, which enclose the right and left lungs, respectively,
are separated by the mediastinum. The pleurae consist of two layers. The visceral pleura is the layer that is superficial
to the lungs, and extends into and lines the lung fissures (Figure 2). In contrast, the parietal pleura is the outer layer
that connects to the thoracic wall, the mediastinum, and the diaphragm. The visceral and parietal pleurae connect to
each other at the hilum. The pleural cavity is the space between the visceral and parietal layers.

Figure 2. Parietal and Visceral Pleurae of the Lungs.

The pleurae perform two major functions: They produce pleural fluid and create cavities that separate the major
organs. Pleural fluid is secreted by mesothelial cells from both pleural layers and acts to lubricate their surfaces. This
lubrication reduces friction between the two layers to prevent trauma during breathing, and creates surface tension
that helps maintain the position of the lungs against the thoracic wall. This adhesive characteristic of the pleural fluid
causes the lungs to enlarge when the thoracic wall expands during ventilation, allowing the lungs to fill with air. The
pleurae also create a division between major organs that prevents interference due to the movement of the organs,
while preventing the spread of infection.
Everyday Connection
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The Effects of Second-Hand Tobacco Smoke
The burning of a tobacco cigarette creates multiple chemical compounds that are released through mainstream
smoke, which is inhaled by the smoker, and through sidestream smoke, which is the smoke that is given off by the
burning cigarette. Second-hand smoke, which is a combination of sidestream smoke and the mainstream smoke
that is exhaled by the smoker, has been demonstrated by numerous scientific studies to cause disease. At least
40 chemicals in sidestream smoke have been identified that negatively impact human health, leading to the
development of cancer or other conditions, such as immune system dysfunction, liver toxicity, cardiac arrhythmias,
pulmonary edema, and neurological dysfunction. Furthermore, second-hand smoke has been found to harbor at least
250 compounds that are known to be toxic, carcinogenic, or both. Some major classes of carcinogens in second-hand
smoke are polyaromatic hydrocarbons (PAHs), N-nitrosamines, aromatic amines, formaldehyde, and acetaldehyde.
Tobacco and second-hand smoke are considered to be carcinogenic. Exposure to second-hand smoke can cause
lung cancer in individuals who are not tobacco users themselves. It is estimated that the risk of developing lung
cancer is increased by up to 30 percent in nonsmokers who live with an individual who smokes in the house, as
compared to nonsmokers who are not regularly exposed to second-hand smoke. Children are especially affected by
second-hand smoke. Children who live with an individual who smokes inside the home have a larger number of lower
respiratory infections, which are associated with hospitalizations, and higher risk of sudden infant death syndrome
(SIDS). Second-hand smoke in the home has also been linked to a greater number of ear infections in children, as
well as worsening symptoms of asthma.

Chapter Review
The lungs are the major organs of the respiratory system and are responsible for performing gas exchange. The
lungs are paired and separated into lobes; The left lung consists of two lobes, whereas the right lung consists of
three lobes. Blood circulation is very important, as blood is required to transport oxygen from the lungs to other
tissues throughout the body. The function of the pulmonary circulation is to aid in gas exchange. The pulmonary
artery provides deoxygenated blood to the capillaries that form respiratory membranes with the alveoli, and the
pulmonary veins return newly oxygenated blood to the heart for further transport throughout the body. The lungs
are innervated by the parasympathetic and sympathetic nervous systems, which coordinate the bronchodilation and
bronchoconstriction of the airways. The lungs are enclosed by the pleura, a membrane that is composed of visceral
and parietal pleural layers. The space between these two layers is called the pleural cavity. The mesothelial cells of the
pleural membrane create pleural fluid, which serves as both a lubricant (to reduce friction during breathing) and as
an adhesive to adhere the lungs to the thoracic wall (to facilitate movement of the lungs during ventilation).

Review Questions
1. Which of the following structures separates the lung into lobes?

A. mediastinum
B. fissure
C. root
D. pleura
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2. A section of the lung that receives its own tertiary bronchus is called the ________.

A. bronchopulmonary segment
B. pulmonary lobule
C. interpulmonary segment
D. respiratory segment
3. The ________ circulation picks up oxygen for cellular use and drops off carbon dioxide for removal from the body.

A. pulmonary
B. interlobular
C. respiratory
D. bronchial
4. The pleura that surrounds the lungs consists of two layers, the ________.

A. visceral and parietal pleurae.
B. mediastinum and parietal pleurae.
C. visceral and mediastinum pleurae.
D. none of the above

Critical Thinking Questions
1. Compare and contrast the right and left lungs.

2. Why are the pleurae not damaged during normal breathing?

Glossary
bronchoconstriction
decrease in the size of the bronchiole due to contraction of the muscular wall
bronchodilation
increase in the size of the bronchiole due to contraction of the muscular wall
cardiac notch
indentation on the surface of the left lung that allows space for the heart
hilum
concave structure on the mediastinal surface of the lungs where blood vessels, lymphatic vessels, nerves, and a
bronchus enter the lung
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lung
organ of the respiratory system that performs gas exchange
parietal pleura
outermost layer of the pleura that connects to the thoracic wall, mediastinum, and diaphragm
pleural cavity
space between the visceral and parietal pleurae
pleural fluid
substance that acts as a lubricant for the visceral and parietal layers of the pleura during the movement of
breathing
pulmonary artery
artery that arises from the pulmonary trunk and carries deoxygenated, arterial blood to the alveoli
pulmonary plexus
network of autonomic nervous system fibers found near the hilum of the lung
visceral pleura
innermost layer of the pleura that is superficial to the lungs and extends into the lung fissures

Solutions
Answers for Review Questions

1. B
2. A
3. C
4. A
Answers for Critical Thinking Questions

1. The right and left lungs differ in size and shape to accommodate other organs that encroach on the thoracic region. The right lung
consists of three lobes and is shorter than the left lung, due to the position of the liver underneath it. The left lung consist of two
lobes and is longer and narrower than the right lung. The left lung has a concave region on the mediastinal surface called the cardiac
notch that allows space for the heart.
2. There is a cavity, called the pleural cavity, between the parietal and visceral layers of the pleura. Mesothelial cells produce and
secrete pleural fluid into the pleural cavity that acts as a lubricant. Therefore, as you breathe, the pleural fluid prevents the two layers
of the pleura from rubbing against each other and causing damage due to friction.
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The Process of Breathing

Learning Objectives
By the end of this section, you will be able to:

• Describe the mechanisms that drive breathing
• Discuss how pressure, volume, and resistance are related
• List the steps involved in pulmonary ventilation
• Discuss the physical factors related to breathing
• Discuss the meaning of respiratory volume and capacities
• Define respiratory rate
• Outline the mechanisms behind the control of breathing
• Describe the respiratory centers of the medulla oblongata
• Describe the respiratory centers of the pons
• Discuss factors that can influence the respiratory rate

Pulmonary ventilation is the act of breathing, which can be described as the movement of air into and out of the
lungs. The major mechanisms that drive pulmonary ventilation are atmospheric pressure (Patm); the air pressure
within the alveoli, called alveolar pressure (Palv); and the pressure within the pleural cavity, called intrapleural
pressure (Pip).

Mechanisms of Breathing
The alveolar and intrapleural pressures are dependent on certain physical features of the lung. However, the ability
to breathe—to have air enter the lungs during inspiration and air leave the lungs during expiration—is dependent
on the air pressure of the atmosphere and the air pressure within the lungs.
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Pressure Relationships
Inspiration (or inhalation) and expiration (or exhalation) are dependent on the differences in pressure between
the atmosphere and the lungs. In a gas, pressure is a force created by the movement of gas molecules that are
confined. For example, a certain number of gas molecules in a two-liter container has more room than the same
number of gas molecules in a one-liter container (Figure 1). In this case, the force exerted by the movement of the
gas molecules against the walls of the two-liter container is lower than the force exerted by the gas molecules in the
one-liter container. Therefore, the pressure is lower in the two-liter container and higher in the one-liter container.
At a constant temperature, changing the volume occupied by the gas changes the pressure, as does changing the
number of gas molecules. Boyle’s law describes the relationship between volume and pressure in a gas at a constant
temperature. Boyle discovered that the pressure of a gas is inversely proportional to its volume: If volume increases,
pressure decreases. Likewise, if volume decreases, pressure increases. Pressure and volume are inversely related (P
= k/V). Therefore, the pressure in the one-liter container (one-half the volume of the two-liter container) would be
twice the pressure in the two-liter container. Boyle’s law is expressed by the following formula:
P1V1 = P2V2
In this formula, P1 represents the initial pressure and V1 represents the initial volume, whereas the final pressure and
volume are represented by P2 and V2, respectively. If the two- and one-liter containers were connected by a tube and
the volume of one of the containers were changed, then the gases would move from higher pressure (lower volume)
to lower pressure (higher volume).

Figure 1. Boyle’s Law. In a gas, pressure increases as volume decreases.

Pulmonary ventilation is dependent on three types of pressure: atmospheric, intra-alveolar, and interpleural.
Atmospheric pressure is the amount of force that is exerted by gases in the air surrounding any given surface, such as
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the body. Atmospheric pressure can be expressed in terms of the unit atmosphere, abbreviated atm, or in millimeters
of mercury (mm Hg). One atm is equal to 760 mm Hg, which is the atmospheric pressure at sea level. Typically, for
respiration, other pressure values are discussed in relation to atmospheric pressure. Therefore, negative pressure
is pressure lower than the atmospheric pressure, whereas positive pressure is pressure that it is greater than the
atmospheric pressure. A pressure that is equal to the atmospheric pressure is expressed as zero.
Intra-alveolar pressure is the pressure of the air within the alveoli, which changes during the different phases of
breathing (Figure 2). Because the alveoli are connected to the atmosphere via the tubing of the airways (similar to the
two- and one-liter containers in the example above), the interpulmonary pressure of the alveoli always equalizes with
the atmospheric pressure.

Figure 2. Intrapulmonary and Intrapleural Pressure Relationships. Alveolar pressure changes during the
different phases of the cycle. It equalizes at 760 mm Hg but does not remain at 760 mm Hg.

Intrapleural pressure is the pressure of the air within the pleural cavity, between the visceral and parietal pleurae.
Similar to intra-alveolar pressure, intrapleural pressure also changes during the different phases of breathing.
However, due to certain characteristics of the lungs, the intrapleural pressure is always lower than, or negative to, the
intra-alveolar pressure (and therefore also to atmospheric pressure). Although it fluctuates during inspiration and
expiration, intrapleural pressure remains approximately –4 mm Hg throughout the breathing cycle.
Competing forces within the thorax cause the formation of the negative intrapleural pressure. One of these forces
relates to the elasticity of the lungs themselves—elastic tissue pulls the lungs inward, away from the thoracic wall.
Surface tension of alveolar fluid, which is mostly water, also creates an inward pull of the lung tissue. This inward
tension from the lungs is countered by opposing forces from the pleural fluid and thoracic wall. Surface tension
within the pleural cavity pulls the lungs outward. Too much or too little pleural fluid would hinder the creation
of the negative intrapleural pressure; therefore, the level must be closely monitored by the mesothelial cells and
drained by the lymphatic system. Since the parietal pleura is attached to the thoracic wall, the natural elasticity of
the chest wall opposes the inward pull of the lungs. Ultimately, the outward pull is slightly greater than the inward
pull, creating the –4 mm Hg intrapleural pressure relative to the intra-alveolar pressure. Transpulmonary pressure is
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the difference between the intrapleural and intra-alveolar pressures, and it determines the size of the lungs. A higher
transpulmonary pressure corresponds to a larger lung.

Physical Factors Affecting Ventilation
In addition to the differences in pressures, breathing is also dependent upon the contraction and relaxation of
muscle fibers of both the diaphragm and thorax. The lungs themselves are passive during breathing, meaning they
are not involved in creating the movement that helps inspiration and expiration. This is because of the adhesive
nature of the pleural fluid, which allows the lungs to be pulled outward when the thoracic wall moves during
inspiration. The recoil of the thoracic wall during expiration causes compression of the lungs. Contraction and
relaxation of the diaphragm and intercostals muscles (found between the ribs) cause most of the pressure changes
that result in inspiration and expiration. These muscle movements and subsequent pressure changes cause air to
either rush in or be forced out of the lungs.
Other characteristics of the lungs influence the effort that must be expended to ventilate. Resistance is a force that
slows motion, in this case, the flow of gases. The size of the airway is the primary factor affecting resistance. A small
tubular diameter forces air through a smaller space, causing more collisions of air molecules with the walls of the
airways. The following formula helps to describe the relationship between airway resistance and pressure changes:
F = ∆P / R
As noted earlier, there is surface tension within the alveoli caused by water present in the lining of the alveoli. This
surface tension tends to inhibit expansion of the alveoli. However, pulmonary surfactant secreted by type II alveolar
cells mixes with that water and helps reduce this surface tension. Without pulmonary surfactant, the alveoli would
collapse during expiration.
Thoracic wall compliance is the ability of the thoracic wall to stretch while under pressure. This can also affect the
effort expended in the process of breathing. In order for inspiration to occur, the thoracic cavity must expand. The
expansion of the thoracic cavity directly influences the capacity of the lungs to expand. If the tissues of the thoracic
wall are not very compliant, it will be difficult to expand the thorax to increase the size of the lungs.

Pulmonary Ventilation
The difference in pressures drives pulmonary ventilation because air flows down a pressure gradient, that is, air flows
from an area of higher pressure to an area of lower pressure. Air flows into the lungs largely due to a difference in
pressure; atmospheric pressure is greater than intra-alveolar pressure, and intra-alveolar pressure is greater than
intrapleural pressure. Air flows out of the lungs during expiration based on the same principle; pressure within the
lungs becomes greater than the atmospheric pressure.
Pulmonary ventilation comprises two major steps: inspiration and expiration. Inspiration is the process that
causes air to enter the lungs, and expiration is the process that causes air to leave the lungs (Figure 3). A respiratory
cycle is one sequence of inspiration and expiration. In general, two muscle groups are used during normal
inspiration: the diaphragm and the external intercostal muscles. Additional muscles can be used if a bigger breath is
required. When the diaphragm contracts, it moves inferiorly toward the abdominal cavity, creating a larger thoracic
cavity and more space for the lungs. Contraction of the external intercostal muscles moves the ribs upward and
outward, causing the rib cage to expand, which increases the volume of the thoracic cavity. Due to the adhesive force
of the pleural fluid, the expansion of the thoracic cavity forces the lungs to stretch and expand as well. This increase
in volume leads to a decrease in intra-alveolar pressure, creating a pressure lower than atmospheric pressure. As a
result, a pressure gradient is created that drives air into the lungs.
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Figure 3. Inspiration and Expiration. Inspiration and expiration occur due to the expansion and
contraction of the thoracic cavity, respectively.

The process of normal expiration is passive, meaning that energy is not required to push air out of the lungs. Instead,
the elasticity of the lung tissue causes the lung to recoil, as the diaphragm and intercostal muscles relax following
inspiration. In turn, the thoracic cavity and lungs decrease in volume, causing an increase in interpulmonary
pressure. The interpulmonary pressure rises above atmospheric pressure, creating a pressure gradient that causes
air to leave the lungs.
There are different types, or modes, of breathing that require a slightly different process to allow inspiration and
expiration. Quiet breathing, also known as eupnea, is a mode of breathing that occurs at rest and does not require the
cognitive thought of the individual. During quiet breathing, the diaphragm and external intercostals must contract.
A deep breath, called diaphragmatic breathing, requires the diaphragm to contract. As the diaphragm relaxes, air
passively leaves the lungs. A shallow breath, called costal breathing, requires contraction of the intercostal muscles.
As the intercostal muscles relax, air passively leaves the lungs.
In contrast, forced breathing, also known as hyperpnea, is a mode of breathing that can occur during exercise or
actions that require the active manipulation of breathing, such as singing. During forced breathing, inspiration and
expiration both occur due to muscle contractions. In addition to the contraction of the diaphragm and intercostal
muscles, other accessory muscles must also contract. During forced inspiration, muscles of the neck, including the
scalenes, contract and lift the thoracic wall, increasing lung volume. During forced expiration, accessory muscles of
the abdomen, including the obliques, contract, forcing abdominal organs upward against the diaphragm. This helps
to push the diaphragm further into the thorax, pushing more air out. In addition, accessory muscles (primarily the
internal intercostals) help to compress the rib cage, which also reduces the volume of the thoracic cavity.

Respiratory Volumes and Capacities
Respiratory volume is the term used for various volumes of air moved by or associated with the lungs at a given
point in the respiratory cycle. There are four major types of respiratory volumes: tidal, residual, inspiratory reserve,
and expiratory reserve (Figure 4). Tidal volume (TV) is the amount of air that normally enters the lungs during quiet
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breathing, which is about 500 milliliters. Expiratory reserve volume (ERV) is the amount of air you can forcefully
exhale past a normal tidal expiration, up to 1200 milliliters for men. Inspiratory reserve volume (IRV) is produced
by a deep inhalation, past a tidal inspiration. This is the extra volume that can be brought into the lungs during
a forced inspiration. Residual volume (RV) is the air left in the lungs if you exhale as much air as possible. The
residual volume makes breathing easier by preventing the alveoli from collapsing. Respiratory volume is dependent
on a variety of factors, and measuring the different types of respiratory volumes can provide important clues about a
person’s respiratory health (Figure 5).

Figure 4. Respiratory Volumes and Capacities. These two graphs show (a) respiratory volumes and (b) the
combination of volumes that results in respiratory capacity.

Figure 5. Pulmonary Function Testing.

Respiratory capacity is the combination of two or more selected volumes, which further describes the amount of air
in the lungs during a given time. For example, total lung capacity (TLC) is the sum of all of the lung volumes (TV,
ERV, IRV, and RV), which represents the total amount of air a person can hold in the lungs after a forceful inhalation.
TLC is about 6000 mL air for men, and about 4200 mL for women. Vital capacity (VC) is the amount of air a person
can move into or out of his or her lungs, and is the sum of all of the volumes except residual volume (TV, ERV, and
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IRV), which is between 4000 and 5000 milliliters. Inspiratory capacity (IC) is the maximum amount of air that can
be inhaled past a normal tidal expiration, is the sum of the tidal volume and inspiratory reserve volume. On the
other hand, the functional residual capacity (FRC) is the amount of air that remains in the lung after a normal tidal
expiration; it is the sum of expiratory reserve volume and residual volume (see Figure 4).

Watch this video to learn
more about lung volumes
and spirometers.

Watch this video to learn more about lung volumes and spirometers. Explain how spirometry test results can be used
to diagnose respiratory diseases or determine the effectiveness of disease treatment.
In addition to the air that creates respiratory volumes, the respiratory system also contains anatomical dead space,
which is air that is present in the airway that never reaches the alveoli and therefore never participates in gas
exchange. Alveolar dead space involves air found within alveoli that are unable to function, such as those affected by
disease or abnormal blood flow. Total dead space is the anatomical dead space and alveolar dead space together, and
represents all of the air in the respiratory system that is not being used in the gas exchange process.

Respiratory Rate and Control of Ventilation
Breathing usually occurs without thought, although at times you can consciously control it, such as when you swim
under water, sing a song, or blow bubbles. The respiratory rate is the total number of breaths, or respiratory cycles,
that occur each minute. Respiratory rate can be an important indicator of disease, as the rate may increase or
decrease during an illness or in a disease condition. The respiratory rate is controlled by the respiratory center located
within the medulla oblongata in the brain, which responds primarily to changes in carbon dioxide, oxygen, and pH
levels in the blood.
The normal respiratory rate of a child decreases from birth to adolescence. A child under 1 year of age has a normal
respiratory rate between 30 and 60 breaths per minute, but by the time a child is about 10 years old, the normal rate is
closer to 18 to 30. By adolescence, the normal respiratory rate is similar to that of adults, 12 to 18 breaths per minute.

Ventilation Control Centers
The control of ventilation is a complex interplay of multiple regions in the brain that signal the muscles used in
pulmonary ventilation to contract (Table 1). The result is typically a rhythmic, consistent ventilation rate that provides
the body with sufficient amounts of oxygen, while adequately removing carbon dioxide.
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Summary of Ventilation Regulation (Table 1)
System component

Function

Medullary respiratory renter

Sets the basic rhythm of breathing

Ventral respiratory group (VRG)

Generates the breathing rhythm and integrates data coming into the medulla

Dorsal respiratory group (DRG)

Integrates input from the stretch receptors and the chemoreceptors in the periphery

Pontine respiratory group (PRG)

Influences and modifies the medulla oblongata’s functions

Aortic body

Monitors blood PCO2, PO2, and pH

Carotid body

Monitors blood PCO2, PO2, and pH

Hypothalamus

Monitors emotional state and body temperature

Cortical areas of the brain

Control voluntary breathing

Proprioceptors

Send impulses regarding joint and muscle movements

Pulmonary irritant reflexes

Protect the respiratory zones of the system from foreign material

Inflation reflex

Protects the lungs from over-inflating

Neurons that innervate the muscles of the respiratory system are responsible for controlling and regulating
pulmonary ventilation. The major brain centers involved in pulmonary ventilation are the medulla oblongata and the
pontine respiratory group (Figure 6).
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Figure 6. Respiratory Centers of the Brain.

The medulla oblongata contains the dorsal respiratory group (DRG) and the ventral respiratory group (VRG). The
DRG is involved in maintaining a constant breathing rhythm by stimulating the diaphragm and intercostal muscles
to contract, resulting in inspiration. When activity in the DRG ceases, it no longer stimulates the diaphragm and
intercostals to contract, allowing them to relax, resulting in expiration. The VRG is involved in forced breathing, as
the neurons in the VRG stimulate the accessory muscles involved in forced breathing to contract, resulting in forced
inspiration. The VRG also stimulates the accessory muscles involved in forced expiration to contract.
The second respiratory center of the brain is located within the pons, called the pontine respiratory group,
and consists of the apneustic and pneumotaxic centers. The apneustic center is a double cluster of neuronal cell
bodies that stimulate neurons in the DRG, controlling the depth of inspiration, particularly for deep breathing. The
pneumotaxic center is a network of neurons that inhibits the activity of neurons in the DRG, allowing relaxation
after inspiration, and thus controlling the overall rate.
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Factors That Affect the Rate and Depth of Respiration
The respiratory rate and the depth of inspiration are regulated by the medulla oblongata and pons; however, these
regions of the brain do so in response to systemic stimuli. It is a dose-response, positive-feedback relationship
in which the greater the stimulus, the greater the response. Thus, increasing stimuli results in forced breathing.
Multiple systemic factors are involved in stimulating the brain to produce pulmonary ventilation.
The major factor that stimulates the medulla oblongata and pons to produce respiration is surprisingly not oxygen
concentration, but rather the concentration of carbon dioxide in the blood. As you recall, carbon dioxide is a waste
product of cellular respiration and can be toxic. Concentrations of chemicals are sensed by chemoreceptors. A central
chemoreceptor is one of the specialized receptors that are located in the brain and brainstem, whereas a peripheral
chemoreceptor is one of the specialized receptors located in the carotid arteries and aortic arch. Concentration
changes in certain substances, such as carbon dioxide or hydrogen ions, stimulate these receptors, which in turn
signal the respiration centers of the brain. In the case of carbon dioxide, as the concentration of CO2 in the blood
increases, it readily diffuses across the blood-brain barrier, where it collects in the extracellular fluid. As will be
explained in more detail later, increased carbon dioxide levels lead to increased levels of hydrogen ions, decreasing
pH. The increase in hydrogen ions in the brain triggers the central chemoreceptors to stimulate the respiratory
centers to initiate contraction of the diaphragm and intercostal muscles. As a result, the rate and depth of respiration
increase, allowing more carbon dioxide to be expelled, which brings more air into and out of the lungs promoting a
reduction in the blood levels of carbon dioxide, and therefore hydrogen ions, in the blood. In contrast, low levels of
carbon dioxide in the blood cause low levels of hydrogen ions in the brain, leading to a decrease in the rate and depth
of pulmonary ventilation, producing shallow, slow breathing.
Another factor involved in influencing the respiratory activity of the brain is systemic arterial concentrations
+
of hydrogen ions. Increasing carbon dioxide levels can lead to increased H levels, as mentioned above, as well as
other metabolic activities, such as lactic acid accumulation after strenuous exercise. Peripheral chemoreceptors of
the aortic arch and carotid arteries sense arterial levels of hydrogen ions. When peripheral chemoreceptors sense
decreasing, or more acidic, pH levels, they stimulate an increase in ventilation to remove carbon dioxide from the
blood at a quicker rate. Removal of carbon dioxide from the blood helps to reduce hydrogen ions, thus increasing
systemic pH.
Blood levels of oxygen are also important in influencing respiratory rate. The peripheral chemoreceptors are
responsible for sensing large changes in blood oxygen levels. If blood oxygen levels become quite low—about 60 mm
Hg or less—then peripheral chemoreceptors stimulate an increase in respiratory activity. The chemoreceptors are
only able to sense dissolved oxygen molecules, not the oxygen that is bound to hemoglobin. As you recall, the majority
of oxygen is bound by hemoglobin; when dissolved levels of oxygen drop, hemoglobin releases oxygen. Therefore, a
large drop in oxygen levels is required to stimulate the chemoreceptors of the aortic arch and carotid arteries.
The hypothalamus and other brain regions associated with the limbic system also play roles in influencing the
regulation of breathing by interacting with the respiratory centers. The hypothalamus and other regions associated
with the limbic system are involved in regulating respiration in response to emotions, pain, and temperature. For
example, an increase in body temperature causes an increase in respiratory rate. Feeling excited or the fight-or-flight
response will also result in an increase in respiratory rate.
Disorders of the…
Respiratory System: Sleep Apnea
Sleep apnea is a chronic disorder that can occur in children or adults, and is characterized by the cessation of
breathing during sleep. These episodes may last for several seconds or several minutes, and may differ in the
frequency with which they are experienced. Sleep apnea leads to poor sleep, which is reflected in the symptoms of
fatigue, evening napping, irritability, memory problems, and morning headaches. In addition, many individuals with
sleep apnea experience a dry throat in the morning after waking from sleep, which may be due to excessive snoring.
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There are two types of sleep apnea: obstructive sleep apnea and central sleep apnea. Obstructive sleep apnea is
caused by an obstruction of the airway during sleep, which can occur at different points in the airway, depending
on the underlying cause of the obstruction. For example, the tongue and throat muscles of some individuals with
obstructive sleep apnea may relax excessively, causing the muscles to push into the airway. Another example is
obesity, which is a known risk factor for sleep apnea, as excess adipose tissue in the neck region can push the soft
tissues towards the lumen of the airway, causing the trachea to narrow.
In central sleep apnea, the respiratory centers of the brain do not respond properly to rising carbon dioxide levels
and therefore do not stimulate the contraction of the diaphragm and intercostal muscles regularly. As a result,
inspiration does not occur and breathing stops for a short period. In some cases, the cause of central sleep apnea is
unknown. However, some medical conditions, such as stroke and congestive heart failure, may cause damage to the
pons or medulla oblongata. In addition, some pharmacologic agents, such as morphine, can affect the respiratory
centers, causing a decrease in the respiratory rate. The symptoms of central sleep apnea are similar to those of
obstructive sleep apnea.
A diagnosis of sleep apnea is usually done during a sleep study, where the patient is monitored in a sleep laboratory
for several nights. The patient’s blood oxygen levels, heart rate, respiratory rate, and blood pressure are monitored, as
are brain activity and the volume of air that is inhaled and exhaled. Treatment of sleep apnea commonly includes the
use of a device called a continuous positive airway pressure (CPAP) machine during sleep. The CPAP machine has a
mask that covers the nose, or the nose and mouth, and forces air into the airway at regular intervals. This pressurized
air can help to gently force the airway to remain open, allowing more normal ventilation to occur. Other treatments
include lifestyle changes to decrease weight, eliminate alcohol and other sleep apnea–promoting drugs, and changes
in sleep position. In addition to these treatments, patients with central sleep apnea may need supplemental oxygen
during sleep.

Chapter Review
Pulmonary ventilation is the process of breathing, which is driven by pressure differences between the lungs and the
atmosphere. Atmospheric pressure is the force exerted by gases present in the atmosphere. The force exerted by gases
within the alveoli is called intra-alveolar (intrapulmonary) pressure, whereas the force exerted by gases in the pleural
cavity is called intrapleural pressure. Typically, intrapleural pressure is lower, or negative to, intra-alveolar pressure.
The difference in pressure between intrapleural and intra-alveolar pressures is called transpulmonary pressure. In
addition, intra-alveolar pressure will equalize with the atmospheric pressure. Pressure is determined by the volume
of the space occupied by a gas and is influenced by resistance. Air flows when a pressure gradient is created, from
a space of higher pressure to a space of lower pressure. Boyle’s law describes the relationship between volume and
pressure. A gas is at lower pressure in a larger volume because the gas molecules have more space to in which to
move. The same quantity of gas in a smaller volume results in gas molecules crowding together, producing increased
pressure.
Resistance is created by inelastic surfaces, as well as the diameter of the airways. Resistance reduces the flow of
gases. The surface tension of the alveoli also influences pressure, as it opposes the expansion of the alveoli. However,
pulmonary surfactant helps to reduce the surface tension so that the alveoli do not collapse during expiration. The
ability of the lungs to stretch, called lung compliance, also plays a role in gas flow. The more the lungs can stretch, the
greater the potential volume of the lungs. The greater the volume of the lungs, the lower the air pressure within the
lungs.
Pulmonary ventilation consists of the process of inspiration (or inhalation), where air enters the lungs, and
expiration (or exhalation), where air leaves the lungs. During inspiration, the diaphragm and external intercostal
muscles contract, causing the rib cage to expand and move outward, and expanding the thoracic cavity and lung
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volume. This creates a lower pressure within the lung than that of the atmosphere, causing air to be drawn into
the lungs. During expiration, the diaphragm and intercostals relax, causing the thorax and lungs to recoil. The air
pressure within the lungs increases to above the pressure of the atmosphere, causing air to be forced out of the lungs.
However, during forced exhalation, the internal intercostals and abdominal muscles may be involved in forcing air
out of the lungs.
Respiratory volume describes the amount of air in a given space within the lungs, or which can be moved by the
lung, and is dependent on a variety of factors. Tidal volume refers to the amount of air that enters the lungs during
quiet breathing, whereas inspiratory reserve volume is the amount of air that enters the lungs when a person inhales
past the tidal volume. Expiratory reserve volume is the extra amount of air that can leave with forceful expiration,
following tidal expiration. Residual volume is the amount of air that is left in the lungs after expelling the expiratory
reserve volume. Respiratory capacity is the combination of two or more volumes. Anatomical dead space refers to
the air within the respiratory structures that never participates in gas exchange, because it does not reach functional
alveoli. Respiratory rate is the number of breaths taken per minute, which may change during certain diseases or
conditions.
Both respiratory rate and depth are controlled by the respiratory centers of the brain, which are stimulated by
factors such as chemical and pH changes in the blood. These changes are sensed by central chemoreceptors, which
are located in the brain, and peripheral chemoreceptors, which are located in the aortic arch and carotid arteries. A
rise in carbon dioxide or a decline in oxygen levels in the blood stimulates an increase in respiratory rate and depth.

Interactive Link Questions
Watch this video to learn more about lung volumes and spirometers. Explain how spirometry test results can be used
to diagnose respiratory diseases or determine the effectiveness of disease treatment.
Patients with respiratory ailments (such as asthma, emphysema, COPD, etc.) have issues with airway resistance and/
or lung compliance. Both of these factors can interfere with the patient’s ability to move air effectively. A spirometry
test can determine how much air the patient can move into and out of the lungs. If the air volumes are low, this
can indicate that the patient has a respiratory disease or that the treatment regimen may need to be adjusted. If the
numbers are normal, the patient does not have a significant respiratory disease or the treatment regimen is working
as expected.

Review Questions
1. Which of the following processes does atmospheric pressure play a role in?

A. pulmonary ventilation
B. production of pulmonary surfactant
C. resistance
D. surface tension
2. A decrease in volume leads to a(n) ________ pressure.

A. decrease in
B. equalization of
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C. increase in
D. zero
3. The pressure difference between the intra-alveolar and intrapleural pressures is called ________.

A. atmospheric pressure
B. pulmonary pressure
C. negative pressure
D. transpulmonary pressure
4. Gas flow decreases as ________ increases.

A. resistance
B. pressure
C. airway diameter
D. friction
5. Contraction of the external intercostal muscles causes which of the following to occur?

A. The diaphragm moves downward.
B. The rib cage is compressed.
C. The thoracic cavity volume decreases.
D. The ribs and sternum move upward.
6. Which of the following prevents the alveoli from collapsing?

A. residual volume
B. tidal volume
C. expiratory reserve volume
D. inspiratory reserve volume

Critical Thinking Questions
1. Describe what is meant by the term “lung compliance.”

2. Outline the steps involved in quiet breathing.

3. What is respiratory rate and how is it controlled?
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Glossary
alveolar dead space
air space within alveoli that are unable to participate in gas exchange
anatomical dead space
air space present in the airway that never reaches the alveoli and therefore never participates in gas exchange
apneustic center
network of neurons within the pons that stimulate the neurons in the dorsal respiratory group; controls the
depth of inspiration
atmospheric pressure
amount of force that is exerted by gases in the air surrounding any given surface
Boyle’s law
relationship between volume and pressure as described by the formula: P1V1 = P2V2
central chemoreceptor
one of the specialized receptors that are located in the brain that sense changes in hydrogen ion, oxygen, or
carbon dioxide concentrations in the brain
dorsal respiratory group (DRG)
region of the medulla oblongata that stimulates the contraction of the diaphragm and intercostal muscles to
induce inspiration
expiration
(also, exhalation) process that causes the air to leave the lungs
expiratory reserve volume (ERV)
amount of air that can be forcefully exhaled after a normal tidal exhalation
forced breathing
(also, hyperpnea) mode of breathing that occurs during exercise or by active thought that requires muscle
contraction for both inspiration and expiration
functional residual capacity (FRC)
sum of ERV and RV, which is the amount of air that remains in the lungs after a tidal expiration
inspiration
(also, inhalation) process that causes air to enter the lungs
inspiratory capacity (IC)
sum of the TV and IRV, which is the amount of air that can maximally be inhaled past a tidal expiration
inspiratory reserve volume (IRV)
amount of air that enters the lungs due to deep inhalation past the tidal volume
intra-alveolar pressure
(intrapulmonary pressure) pressure of the air within the alveoli
intrapleural pressure
pressure of the air within the pleural cavity
peripheral chemoreceptor
one of the specialized receptors located in the aortic arch and carotid arteries that sense changes in pH, carbon
dioxide, or oxygen blood levels
pneumotaxic center
network of neurons within the pons that inhibit the activity of the neurons in the dorsal respiratory group;
controls rate of breathing
pulmonary ventilation
exchange of gases between the lungs and the atmosphere; breathing
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quiet breathing
(also, eupnea) mode of breathing that occurs at rest and does not require the cognitive thought of the
individual
residual volume (RV)
amount of air that remains in the lungs after maximum exhalation
respiratory cycle
one sequence of inspiration and expiration
respiratory rate
total number of breaths taken each minute
respiratory volume
varying amounts of air within the lung at a given time
thoracic wall compliance
ability of the thoracic wall to stretch while under pressure
tidal volume (TV)
amount of air that normally enters the lungs during quiet breathing
total dead space
sum of the anatomical dead space and alveolar dead space
total lung capacity (TLC)
total amount of air that can be held in the lungs; sum of TV, ERV, IRV, and RV
transpulmonary pressure
pressure difference between the intrapleural and intra-alveolar pressures
ventral respiratory group (VRG)
region of the medulla oblongata that stimulates the contraction of the accessory muscles involved in
respiration to induce forced inspiration and expiration
vital capacity (VC)
sum of TV, ERV, and IRV, which is all the volumes that participate in gas exchange

Solutions
Answers for Review Questions

1. A
2. C
3. D
4. A
5. D
6. A
Answers for Critical Thinking Questions

1. Lung compliance refers to the ability of lung tissue to stretch under pressure, which is determined in part by the surface tension of
the alveoli and the ability of the connective tissue to stretch. Lung compliance plays a role in determining how much the lungs can
change in volume, which in turn helps to determine pressure and air movement.
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2. Quiet breathing occurs at rest and without active thought. During quiet breathing, the diaphragm and external intercostal muscles
work at different extents, depending on the situation. For inspiration, the diaphragm contracts, causing the diaphragm to flatten
and drop towards the abdominal cavity, helping to expand the thoracic cavity. The external intercostal muscles contract as well,
causing the rib cage to expand, and the rib cage and sternum to move outward, also expanding the thoracic cavity. Expansion of the
thoracic cavity also causes the lungs to expand, due to the adhesiveness of the pleural fluid. As a result, the pressure within the lungs
drops below that of the atmosphere, causing air to rush into the lungs. In contrast, expiration is a passive process. As the diaphragm
and intercostal muscles relax, the lungs and thoracic tissues recoil, and the volume of the lungs decreases. This causes the pressure
within the lungs to increase above that of the atmosphere, causing air to leave the lungs.
3. Respiratory rate is defined as the number of breaths taken per minute. Respiratory rate is controlled by the respiratory center,
located in the medulla oblongata. Conscious thought can alter the normal respiratory rate through control by skeletal muscle,
although one cannot consciously stop the rate altogether. A typical resting respiratory rate is about 14 breaths per minute.
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The Thoracic Cage

Learning Objectives
By the end of this section, you will be able to:

• Discuss the components that make up the thoracic cage
• Identify the parts of the sternum and define the sternal angle
• Discuss the parts of a rib and rib classifications

The thoracic cage (rib cage) forms the thorax (chest) portion of the body. It consists of the 12 pairs of ribs with their
costal cartilages and the sternum (Figure 1). The ribs are anchored posteriorly to the 12 thoracic vertebrae (T1–T12).
The thoracic cage protects the heart and lungs.
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Figure 1. Thoracic Cage. The thoracic cage is formed by the (a) sternum and (b) 12 pairs of ribs with their costal cartilages. The ribs
are anchored posteriorly to the 12 thoracic vertebrae. The sternum consists of the manubrium, body, and xiphoid process. The
ribs are classified as true ribs (1–7) and false ribs (8–12). The last two pairs of false ribs are also known as floating ribs (11–12).

Sternum
The sternum is the elongated bony structure that anchors the anterior thoracic cage. It consists of three parts: the
manubrium, body, and xiphoid process. The manubrium is the wider, superior portion of the sternum. The top of
the manubrium has a shallow, U-shaped border called the jugular (suprasternal) notch. This can be easily felt at the
anterior base of the neck, between the medial ends of the clavicles. The clavicular notch is the shallow depression
located on either side at the superior-lateral margins of the manubrium. This is the site of the sternoclavicular joint,
between the sternum and clavicle. The first ribs also attach to the manubrium.
The elongated, central portion of the sternum is the body. The manubrium and body join together at the sternal
angle, so called because the junction between these two components is not flat, but forms a slight bend. The second
rib attaches to the sternum at the sternal angle. Since the first rib is hidden behind the clavicle, the second rib is the
highest rib that can be identified by palpation. Thus, the sternal angle and second rib are important landmarks for
the identification and counting of the lower ribs. Ribs 3–7 attach to the sternal body.
The inferior tip of the sternum is the xiphoid process. This small structure is cartilaginous early in life, but
gradually becomes ossified starting during middle age.

Ribs
Each rib is a curved, flattened bone that contributes to the wall of the thorax. The ribs articulate posteriorly with the
T1–T12 thoracic vertebrae, and most attach anteriorly via their costal cartilages to the sternum. There are 12 pairs of
ribs. The ribs are numbered 1–12 in accordance with the thoracic vertebrae.
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Parts of a Typical Rib
The posterior end of a typical rib is called the head of the rib (see Chapter 7.3 Figure 8). This region articulates
primarily with the costal facet located on the body of the same numbered thoracic vertebra and to a lesser degree,
with the costal facet located on the body of the next higher vertebra. Lateral to the head is the narrowed neck of the
rib. A small bump on the posterior rib surface is the tubercle of the rib, which articulates with the facet located on the
transverse process of the same numbered vertebra. The remainder of the rib is the body of the rib (shaft). Just lateral
to the tubercle is the angle of the rib, the point at which the rib has its greatest degree of curvature. The angles of the
ribs form the most posterior extent of the thoracic cage. In the anatomical position, the angles align with the medial
border of the scapula. A shallow costal groove for the passage of blood vessels and a nerve is found along the inferior
margin of each rib.

Rib Classifications
The bony ribs do not extend anteriorly completely around to the sternum. Instead, each rib ends in a costal cartilage.
These cartilages are made of hyaline cartilage and can extend for several inches. Most ribs are then attached, either
directly or indirectly, to the sternum via their costal cartilage (see Figure 1). The ribs are classified into three groups
based on their relationship to the sternum.
Ribs 1–7 are classified as true ribs (vertebrosternal ribs). The costal cartilage from each of these ribs attaches
directly to the sternum. Ribs 8–12 are called false ribs (vertebrochondral ribs). The costal cartilages from these ribs do
not attach directly to the sternum. For ribs 8–10, the costal cartilages are attached to the cartilage of the next higher
rib. Thus, the cartilage of rib 10 attaches to the cartilage of rib 9, rib 9 then attaches to rib 8, and rib 8 is attached to
rib 7. The last two false ribs (11–12) are also called floating ribs (vertebral ribs). These are short ribs that do not attach
to the sternum at all. Instead, their small costal cartilages terminate within the musculature of the lateral abdominal
wall.

Chapter Review
The thoracic cage protects the heart and lungs. It is composed of 12 pairs of ribs with their costal cartilages and the
sternum. The ribs are anchored posteriorly to the 12 thoracic vertebrae. The sternum consists of the manubrium,
body, and xiphoid process. The manubrium and body are joined at the sternal angle, which is also the site for
attachment of the second ribs.
Ribs are flattened, curved bones and are numbered 1–12. Posteriorly, the head of the rib articulates with the
costal facets located on the bodies of thoracic vertebrae and the rib tubercle articulates with the facet located on
the vertebral transverse process. The angle of the ribs forms the most posterior portion of the thoracic cage. The
costal groove in the inferior margin of each rib carries blood vessels and a nerve. Anteriorly, each rib ends in a costal
cartilage. True ribs (1–7) attach directly to the sternum via their costal cartilage. The false ribs (8–12) either attach to
the sternum indirectly or not at all. Ribs 8–10 have their costal cartilages attached to the cartilage of the next higher
rib. The floating ribs (11–12) are short and do not attach to the sternum or to another rib.

Review Questions
1. The sternum ________.
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A. consists of only two parts, the manubrium and xiphoid process
B. has the sternal angle located between the manubrium and body
C. receives direct attachments from the costal cartilages of all 12 pairs of ribs
D. articulates directly with the thoracic vertebrae
2. The sternal angle is the ________.

A. junction between the body and xiphoid process
B. site for attachment of the clavicle
C. site for attachment of the floating ribs
D. junction between the manubrium and body
3. The tubercle of a rib ________.

A. is for articulation with the transverse process of a thoracic vertebra
B. is for articulation with the body of a thoracic vertebra
C. provides for passage of blood vessels and a nerve
D. is the area of greatest rib curvature
4. True ribs are ________.

A. ribs 8–12
B. attached via their costal cartilage to the next higher rib
C. made entirely of bone, and thus do not have a costal cartilage
D. attached via their costal cartilage directly to the sternum

Critical Thinking Questions
1. Define the parts and functions of the thoracic cage.

2. Describe the parts of the sternum.

3. Discuss the parts of a typical rib.

4. Define the classes of ribs.
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Glossary
angle of the rib
portion of rib with greatest curvature; together, the rib angles form the most posterior extent of the thoracic
cage
body of the rib
shaft portion of a rib
clavicular notch
paired notches located on the superior-lateral sides of the sternal manubrium, for articulation with the clavicle
costal cartilage
hyaline cartilage structure attached to the anterior end of each rib that provides for either direct or indirect
attachment of most ribs to the sternum
costal groove
shallow groove along the inferior margin of a rib that provides passage for blood vessels and a nerve
false ribs
vertebrochondral ribs 8–12 whose costal cartilage either attaches indirectly to the sternum via the costal
cartilage of the next higher rib or does not attach to the sternum at all
floating ribs
vertebral ribs 11–12 that do not attach to the sternum or to the costal cartilage of another rib
head of the rib
posterior end of a rib that articulates with the bodies of thoracic vertebrae
jugular (suprasternal) notch
shallow notch located on superior surface of sternal manubrium
manubrium
expanded, superior portion of the sternum
neck of the rib
narrowed region of a rib, next to the rib head
sternal angle
junction line between manubrium and body of the sternum and the site for attachment of the second rib to the
sternum
true ribs
vertebrosternal ribs 1–7 that attach via their costal cartilage directly to the sternum
tubercle of the rib
small bump on the posterior side of a rib for articulation with the transverse process of a thoracic vertebra
xiphoid process
small process that forms the inferior tip of the sternum

Solutions
Answers for Review Questions

1. B
2. D
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3. A
4. D
Answers for Critical Thinking Questions

1. The thoracic cage is formed by the 12 pairs of ribs with their costal cartilages and the sternum. The ribs are attached posteriorly to
the 12 thoracic vertebrae and most are anchored anteriorly either directly or indirectly to the sternum. The thoracic cage functions to
protect the heart and lungs.
2. The sternum consists of the manubrium, body, and xiphoid process. The manubrium forms the expanded, superior end of the
sternum. It has a jugular (suprasternal) notch, a pair of clavicular notches for articulation with the clavicles, and receives the costal
cartilage of the first rib. The manubrium is joined to the body of the sternum at the sternal angle, which is also the site for
attachment of the second rib costal cartilages. The body receives the costal cartilage attachments for ribs 3–7. The small xiphoid
process forms the inferior tip of the sternum.
3. A typical rib is a flattened, curved bone. The head of a rib is attached posteriorly to the costal facets of the thoracic vertebrae. The rib
tubercle articulates with the transverse process of a thoracic vertebra. The angle is the area of greatest rib curvature and forms the
largest portion of the thoracic cage. The body (shaft) of a rib extends anteriorly and terminates at the attachment to its costal
cartilage. The shallow costal groove runs along the inferior margin of a rib and carries blood vessels and a nerve.
4. Ribs are classified based on if and how their costal cartilages attach to the sternum. True (vertebrosternal) ribs are ribs 1–7. The
costal cartilage for each of these attaches directly to the sternum. False (vertebrochondral) ribs, 8–12, are attached either indirectly
or not at all to the sternum. Ribs 8–10 are attached indirectly to the sternum. For these ribs, the costal cartilage of each attaches to
the cartilage of the next higher rib. The last false ribs (11–12) are also called floating (vertebral) ribs, because these ribs do not attach
to the sternum at all. Instead, the ribs and their small costal cartilages terminate within the muscles of the lateral abdominal wall.
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26

The Small and Large Intestines

Learning Objectives
By the end of this section, you will be able to:

• Compare and contrast the location and gross anatomy of the small and large intestines
• Identify three main adaptations of the small intestine wall that increase its absorptive capacity
• Describe the mechanical and chemical digestion of chyme upon its release into the small intestine
• List three features unique to the wall of the large intestine and identify their contributions to its function
• Identify the beneficial roles of the bacterial flora in digestive system functioning
• Trace the pathway of food waste from its point of entry into the large intestine through its exit from the body as feces

The word intestine is derived from a Latin root meaning “internal,” and indeed, the two organs together nearly fill
the interior of the abdominal cavity. In addition, called the small and large bowel, or colloquially the “guts,” they
constitute the greatest mass and length of the alimentary canal and, with the exception of ingestion, perform all
digestive system functions.

The Small Intestine
Chyme released from the stomach enters the small intestine, which is the primary digestive organ in the body. Not
only is this where most digestion occurs, it is also where practically all absorption occurs. The longest part of the
alimentary canal, the small intestine is about 3.05 meters (10 feet) long in a living person (but about twice as long in a
cadaver due to the loss of muscle tone). Since this makes it about five times longer than the large intestine, you might
wonder why it is called “small.” In fact, its name derives from its relatively smaller diameter of only about 2.54 cm (1
in), compared with 7.62 cm (3 in) for the large intestine. As we’ll see shortly, in addition to its length, the folds and
projections of the lining of the small intestine work to give it an enormous surface area, which is approximately 200
2
m , more than 100 times the surface area of your skin. This large surface area is necessary for complex processes of
digestion and absorption that occur within it.
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Structure
The coiled tube of the small intestine is subdivided into three regions. From proximal (at the stomach) to distal, these
are the duodenum, jejunum, and ileum (Figure 1).
The shortest region is the 25.4-cm (10-in) duodenum, which begins at the pyloric sphincter. Just past the pyloric
sphincter, it bends posteriorly behind the peritoneum, becoming retroperitoneal, and then makes a C-shaped curve
around the head of the pancreas before ascending anteriorly again to return to the peritoneal cavity and join the
jejunum. The duodenum can therefore be subdivided into four segments: the superior, descending, horizontal, and
ascending duodenum.
Of particular interest is the hepatopancreatic ampulla (ampulla of Vater). Located in the duodenal wall, the
ampulla marks the transition from the anterior portion of the alimentary canal to the mid-region, and is where the
bile duct (through which bile passes from the liver) and the main pancreatic duct (through which pancreatic juice
passes from the pancreas) join. This ampulla opens into the duodenum at a tiny volcano-shaped structure called
the major duodenal papilla. The hepatopancreatic sphincter (sphincter of Oddi) regulates the flow of both bile and
pancreatic juice from the ampulla into the duodenum.

Figure 1. Small Intestine. The three regions of the small intestine are the duodenum, jejunum, and
ileum.

The jejunum is about 0.9 meters (3 feet) long (in life) and runs from the duodenum to the ileum. Jejunum means
“empty” in Latin and supposedly was so named by the ancient Greeks who noticed it was always empty at death. No
clear demarcation exists between the jejunum and the final segment of the small intestine, the ileum.
The ileum is the longest part of the small intestine, measuring about 1.8 meters (6 feet) in length. It is thicker, more
vascular, and has more developed mucosal folds than the jejunum. The ileum joins the cecum, the first portion of the
large intestine, at the ileocecal sphincter (or valve). The jejunum and ileum are tethered to the posterior abdominal
wall by the mesentery. The large intestine frames these three parts of the small intestine.
Parasympathetic nerve fibers from the vagus nerve and sympathetic nerve fibers from the thoracic splanchnic
nerve provide extrinsic innervation to the small intestine. The superior mesenteric artery is its main arterial supply.
Veins run parallel to the arteries and drain into the superior mesenteric vein. Nutrient-rich blood from the small
intestine is then carried to the liver via the hepatic portal vein.
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Histology
The wall of the small intestine is composed of the same four layers typically present in the alimentary system.
However, three features of the mucosa and submucosa are unique. These features, which increase the absorptive
surface area of the small intestine more than 600-fold, include circular folds, villi, and microvilli (Figure 2). These
adaptations are most abundant in the proximal two-thirds of the small intestine, where the majority of absorption
occurs.

Figure 2. Histology of the Small Intestine. (a) The absorptive surface of the small intestine is vastly enlarged by the presence of
circular folds, villi, and microvilli. (b) Micrograph of the circular folds. (c) Micrograph of the villi. (d) Electron micrograph of the
microvilli. From left to right, LM x 56, LM x 508, EM x 196,000. (credit b-d: Micrograph provided by the Regents of University of
Michigan Medical School © 2012)

Circular folds
Also called a plica circulare, a circular fold is a deep ridge in the mucosa and submucosa. Beginning near the proximal
part of the duodenum and ending near the middle of the ileum, these folds facilitate absorption. Their shape causes
the chyme to spiral, rather than move in a straight line, through the small intestine. Spiraling slows the movement of
chyme and provides the time needed for nutrients to be fully absorbed.

Villi
Within the circular folds are small (0.5–1 mm long) hairlike vascularized projections called villi (singular = villus)
that give the mucosa a furry texture. There are about 20 to 40 villi per square millimeter, increasing the surface area
of the epithelium tremendously. The mucosal epithelium, primarily composed of absorptive cells, covers the villi. In
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addition to muscle and connective tissue to support its structure, each villus contains a capillary bed composed of one
arteriole and one venule, as well as a lymphatic capillary called a lacteal. The breakdown products of carbohydrates
and proteins (sugars and amino acids) can enter the bloodstream directly, but lipid breakdown products are absorbed
by the lacteals and transported to the bloodstream via the lymphatic system.

Microvilli
As their name suggests, microvilli (singular = microvillus) are much smaller (1 µm) than villi. They are cylindrical
apical surface extensions of the plasma membrane of the mucosa’s epithelial cells, and are supported by
microfilaments within those cells. Although their small size makes it difficult to see each microvillus, their combined
microscopic appearance suggests a mass of bristles, which is termed the brush border. Fixed to the surface of
the microvilli membranes are enzymes that finish digesting carbohydrates and proteins. There are an estimated
200 million microvilli per square millimeter of small intestine, greatly expanding the surface area of the plasma
membrane and thus greatly enhancing absorption.

Intestinal Glands
In addition to the three specialized absorptive features just discussed, the mucosa between the villi is dotted with
deep crevices that each lead into a tubular intestinal gland (crypt of Lieberkühn), which is formed by cells that line the
crevices (see Figure 2). These produce intestinal juice, a slightly alkaline (pH 7.4 to 7.8) mixture of water and mucus.
Each day, about 0.95 to 1.9 liters (1 to 2 quarts) are secreted in response to the distention of the small intestine or the
irritating effects of chyme on the intestinal mucosa.
The submucosa of the duodenum is the only site of the complex mucus-secreting duodenal glands (Brunner’s
glands), which produce a bicarbonate-rich alkaline mucus that buffers the acidic chyme as it enters from the stomach.
The roles of the cells in the small intestinal mucosa are detailed in Table 7.
Cells of the Small Intestinal Mucosa (Table 7)
Cell type

Location in the mucosa

Function

Absorptive

Epithelium/intestinal glands

Digestion and absorption of nutrients in chyme

Goblet

Epithelium/intestinal glands

Secretion of mucus

Paneth

Intestinal glands

Secretion of the bactericidal enzyme lysozyme; phagocytosis

G cells

Intestinal glands of duodenum

Secretion of the hormone intestinal gastrin

I cells

Intestinal glands of duodenum

Secretion of the hormone cholecystokinin, which stimulates release of pancreatic juices and bile

K cells

Intestinal glands

Secretion of the hormone glucose-dependent insulinotropic peptide, which stimulates the release of
insulin

M cells

Intestinal glands of duodenum
and jejunum

Secretion of the hormone motilin, which accelerates gastric emptying, stimulates intestinal peristalsis,
and stimulates the production of pepsin

S cells

Intestinal glands

Secretion of the hormone secretin

Intestinal MALT
The lamina propria of the small intestine mucosa is studded with quite a bit of MALT. In addition to solitary
lymphatic nodules, aggregations of intestinal MALT, which are typically referred to as Peyer’s patches, are
concentrated in the distal ileum, and serve to keep bacteria from entering the bloodstream. Peyer’s patches are most
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prominent in young people and become less distinct as you age, which coincides with the general activity of our
immune system.

Watch this animation that
depicts the structure of the
small intestine, and, in
particular, the villi.

Watch this animation that depicts the structure of the small intestine, and, in particular, the villi. Epithelial cells
continue the digestion and absorption of nutrients and transport these nutrients to the lymphatic and circulatory
systems. In the small intestine, the products of food digestion are absorbed by different structures in the villi. Which
structure absorbs and transports fats?

Mechanical Digestion in the Small Intestine
The movement of intestinal smooth muscles includes both segmentation and a form of peristalsis called migrating
motility complexes. The kind of peristaltic mixing waves seen in the stomach are not observed here.
If you could see into the small intestine when it was going through segmentation, it would look as if the contents
were being shoved incrementally back and forth, as the rings of smooth muscle repeatedly contract and then relax.
Segmentation in the small intestine does not force chyme through the tract. Instead, it combines the chyme with
digestive juices and pushes food particles against the mucosa to be absorbed. The duodenum is where the most rapid
segmentation occurs, at a rate of about 12 times per minute. In the ileum, segmentations are only about eight times
per minute (Figure 3).
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Figure 3. Segmentation. Segmentation separates chyme
and then pushes it back together, mixing it and providing
time for digestion and absorption.

When most of the chyme has been absorbed, the small intestinal wall becomes less distended. At this point, the
localized segmentation process is replaced by transport movements. The duodenal mucosa secretes the hormone
motilin, which initiates peristalsis in the form of a migrating motility complex. These complexes, which begin in the
duodenum, force chyme through a short section of the small intestine and then stop. The next contraction begins
a little bit farther down than the first, forces chyme a bit farther through the small intestine, then stops. These
complexes move slowly down the small intestine, forcing chyme on the way, taking around 90 to 120 minutes to
finally reach the end of the ileum. At this point, the process is repeated, starting in the duodenum.
The ileocecal valve, a sphincter, is usually in a constricted state, but when motility in the ileum increases, this
sphincter relaxes, allowing food residue to enter the first portion of the large intestine, the cecum. Relaxation of the
ileocecal sphincter is controlled by both nerves and hormones. First, digestive activity in the stomach provokes the
gastroileal reflex, which increases the force of ileal segmentation. Second, the stomach releases the hormone gastrin,
which enhances ileal motility, thus relaxing the ileocecal sphincter. After chyme passes through, backward pressure
helps close the sphincter, preventing backflow into the ileum. Because of this reflex, your lunch is completely emptied
from your stomach and small intestine by the time you eat your dinner. It takes about 3 to 5 hours for all chyme to
leave the small intestine.

Chemical Digestion in the Small Intestine
The digestion of proteins and carbohydrates, which partially occurs in the stomach, is completed in the small
intestine with the aid of intestinal and pancreatic juices. Lipids arrive in the intestine largely undigested, so much of
the focus here is on lipid digestion, which is facilitated by bile and the enzyme pancreatic lipase.
Moreover, intestinal juice combines with pancreatic juice to provide a liquid medium that facilitates absorption.
The intestine is also where most water is absorbed, via osmosis. The small intestine’s absorptive cells also synthesize
digestive enzymes and then place them in the plasma membranes of the microvilli. This distinguishes the small
intestine from the stomach; that is, enzymatic digestion occurs not only in the lumen, but also on the luminal
surfaces of the mucosal cells.
For optimal chemical digestion, chyme must be delivered from the stomach slowly and in small amounts. This is
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because chyme from the stomach is typically hypertonic, and if large quantities were forced all at once into the small
intestine, the resulting osmotic water loss from the blood into the intestinal lumen would result in potentially lifethreatening low blood volume. In addition, continued digestion requires an upward adjustment of the low pH of
stomach chyme, along with rigorous mixing of the chyme with bile and pancreatic juices. Both processes take time,
so the pumping action of the pylorus must be carefully controlled to prevent the duodenum from being overwhelmed
with chyme.
Disorders of the…
Small Intestine: Lactose Intolerance
Lactose intolerance is a condition characterized by indigestion caused by dairy products. It occurs when the
absorptive cells of the small intestine do not produce enough lactase, the enzyme that digests the milk sugar lactose.
In most mammals, lactose intolerance increases with age. In contrast, some human populations, most notably
Caucasians, are able to maintain the ability to produce lactase as adults.
In people with lactose intolerance, the lactose in chyme is not digested. Bacteria in the large intestine ferment the
undigested lactose, a process that produces gas. In addition to gas, symptoms include abdominal cramps, bloating,
and diarrhea. Symptom severity ranges from mild discomfort to severe pain; however, symptoms resolve once the
lactose is eliminated in feces.
The hydrogen breath test is used to help diagnose lactose intolerance. Lactose-tolerant people have very little
hydrogen in their breath. Those with lactose intolerance exhale hydrogen, which is one of the gases produced by the
bacterial fermentation of lactose in the colon. After the hydrogen is absorbed from the intestine, it is transported
through blood vessels into the lungs. There are a number of lactose-free dairy products available in grocery stores. In
addition, dietary supplements are available. Taken with food, they provide lactase to help digest lactose.

The Large Intestine
The large intestine is the terminal part of the alimentary canal. The primary function of this organ is to finish
absorption of nutrients and water, synthesize certain vitamins, form feces, and eliminate feces from the body.

Structure
The large intestine runs from the appendix to the anus. It frames the small intestine on three sides. Despite its being
about one-half as long as the small intestine, it is called large because it is more than twice the diameter of the small
intestine, about 3 inches.

Subdivisions
The large intestine is subdivided into four main regions: the cecum, the colon, the rectum, and the anus. The ileocecal
valve, located at the opening between the ileum and the large intestine, controls the flow of chyme from the small
intestine to the large intestine.

Cecum
The first part of the large intestine is the cecum, a sac-like structure that is suspended inferior to the ileocecal valve.
It is about 6 cm (2.4 in) long, receives the contents of the ileum, and continues the absorption of water and salts.
The appendix (or vermiform appendix) is a winding tube that attaches to the cecum. Although the 7.6-cm (3-in)
long appendix contains lymphoid tissue, suggesting an immunologic function, this organ is generally considered
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vestigial. However, at least one recent report postulates a survival advantage conferred by the appendix: In diarrheal
illness, the appendix may serve as a bacterial reservoir to repopulate the enteric bacteria for those surviving the initial
phases of the illness. Moreover, its twisted anatomy provides a haven for the accumulation and multiplication of
enteric bacteria. The mesoappendix, the mesentery of the appendix, tethers it to the mesentery of the ileum.

Colon
The cecum blends seamlessly with the colon. Upon entering the colon, the food residue first travels up the ascending
colon on the right side of the abdomen. At the inferior surface of the liver, the colon bends to form the right colic
flexure (hepatic flexure) and becomes the transverse colon. The region defined as hindgut begins with the last third
of the transverse colon and continues on. Food residue passing through the transverse colon travels across to the
left side of the abdomen, where the colon angles sharply immediately inferior to the spleen, at the left colic flexure
(splenic flexure). From there, food residue passes through the descending colon, which runs down the left side of
the posterior abdominal wall. After entering the pelvis inferiorly, it becomes the s-shaped sigmoid colon, which
extends medially to the midline (Figure 4). The ascending and descending colon, and the rectum (discussed next) are
located in the retroperitoneum. The transverse and sigmoid colon are tethered to the posterior abdominal wall by the
mesocolon.

Figure 4. Large Intestine. The large intestine includes the cecum, colon, and
rectum.

Homeostatic Imbalances
Colorectal Cancer
Each year, approximately 140,000 Americans are diagnosed with colorectal cancer, and another 49,000 die from it,
making it one of the most deadly malignancies. People with a family history of colorectal cancer are at increased risk.
Smoking, excessive alcohol consumption, and a diet high in animal fat and protein also increase the risk. Despite
popular opinion to the contrary, studies support the conclusion that dietary fiber and calcium do not reduce the risk
of colorectal cancer.
Colorectal cancer may be signaled by constipation or diarrhea, cramping, abdominal pain, and rectal bleeding.
Bleeding from the rectum may be either obvious or occult (hidden in feces). Since most colon cancers arise from
benign mucosal growths called polyps, cancer prevention is focused on identifying these polyps. The colonoscopy is
both diagnostic and therapeutic. Colonoscopy not only allows identification of precancerous polyps, the procedure
also enables them to be removed before they become malignant. Screening for fecal occult blood tests and
colonoscopy is recommended for those over 50 years of age.
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Rectum
Food residue leaving the sigmoid colon enters the rectum in the pelvis, near the third sacral vertebra. The final 20.3
cm (8 in) of the alimentary canal, the rectum extends anterior to the sacrum and coccyx. Even though rectum is
Latin for “straight,” this structure follows the curved contour of the sacrum and has three lateral bends that create a
trio of internal transverse folds called the rectal valves. These valves help separate the feces from gas to prevent the
simultaneous passage of feces and gas.

Anal Canal
Finally, food residue reaches the last part of the large intestine, the anal canal, which is located in the perineum,
completely outside of the abdominopelvic cavity. This 3.8–5 cm (1.5–2 in) long structure opens to the exterior of the
body at the anus. The anal canal includes two sphincters. The internal anal sphincter is made of smooth muscle, and
its contractions are involuntary. The external anal sphincter is made of skeletal muscle, which is under voluntary
control. Except when defecating, both usually remain closed.

Histology
There are several notable differences between the walls of the large and small intestines (Figure 5). For example, few
enzyme-secreting cells are found in the wall of the large intestine, and there are no circular folds or villi. Other than
in the anal canal, the mucosa of the colon is simple columnar epithelium made mostly of enterocytes (absorptive
cells) and goblet cells. In addition, the wall of the large intestine has far more intestinal glands, which contain a vast
population of enterocytes and goblet cells. These goblet cells secrete mucus that eases the movement of feces and
protects the intestine from the effects of the acids and gases produced by enteric bacteria. The enterocytes absorb
water and salts as well as vitamins produced by your intestinal bacteria.
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Figure 5. Histology of the large Intestine. (a) The histologies of the large intestine and small intestine (not
shown) are adapted for the digestive functions of each organ. (b) This micrograph shows the colon’s simple
columnar epithelium and goblet cells. LM x 464. (credit b: Micrograph provided by the Regents of University of
Michigan Medical School © 2012)

Anatomy
Three features are unique to the large intestine: teniae coli, haustra, and epiploic appendages (Figure 6). The teniae
coli are three bands of smooth muscle that make up the longitudinal muscle layer of the muscularis of the large
intestine, except at its terminal end. Tonic contractions of the teniae coli bunch up the colon into a succession
of pouches called haustra (singular = hostrum), which are responsible for the wrinkled appearance of the colon.
Attached to the teniae coli are small, fat-filled sacs of visceral peritoneum called epiploic appendages. The purpose
of these is unknown. Although the rectum and anal canal have neither teniae coli nor haustra, they do have welldeveloped layers of muscularis that create the strong contractions needed for defecation.
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Figure 6. Teniae Coli, Haustra, and Epiploic Appendages

The stratified squamous epithelial mucosa of the anal canal connects to the skin on the outside of the anus. This
mucosa varies considerably from that of the rest of the colon to accommodate the high level of abrasion as feces pass
through. The anal canal’s mucous membrane is organized into longitudinal folds, each called an anal column, which
house a grid of arteries and veins. Two superficial venous plexuses are found in the anal canal: one within the anal
columns and one at the anus.
Depressions between the anal columns, each called an anal sinus, secrete mucus that facilitates defecation. The
pectinate line (or dentate line) is a horizontal, jagged band that runs circumferentially just below the level of the
anal sinuses, and represents the junction between the hindgut and external skin. The mucosa above this line is fairly
insensitive, whereas the area below is very sensitive. The resulting difference in pain threshold is due to the fact that
the upper region is innervated by visceral sensory fibers, and the lower region is innervated by somatic sensory fibers.

Bacterial Flora
Most bacteria that enter the alimentary canal are killed by lysozyme, defensins, HCl, or protein-digesting enzymes.
However, trillions of bacteria live within the large intestine and are referred to as the bacterial flora. Most of the more
than 700 species of these bacteria are nonpathogenic commensal organisms that cause no harm as long as they stay
in the gut lumen. In fact, many facilitate chemical digestion and absorption, and some synthesize certain vitamins,
mainly biotin, pantothenic acid, and vitamin K. Some are linked to increased immune response. A refined system
prevents these bacteria from crossing the mucosal barrier. First, peptidoglycan, a component of bacterial cell walls,
activates the release of chemicals by the mucosa’s epithelial cells, which draft immune cells, especially dendritic cells,
into the mucosa. Dendritic cells open the tight junctions between epithelial cells and extend probes into the lumen
to evaluate the microbial antigens. The dendritic cells with antigens then travel to neighboring lymphoid follicles in
the mucosa where T cells inspect for antigens. This process triggers an IgA-mediated response, if warranted, in the
lumen that blocks the commensal organisms from infiltrating the mucosa and setting off a far greater, widespread
systematic reaction.
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Digestive Functions of the Large Intestine
The residue of chyme that enters the large intestine contains few nutrients except water, which is reabsorbed as
the residue lingers in the large intestine, typically for 12 to 24 hours. Thus, it may not surprise you that the large
intestine can be completely removed without significantly affecting digestive functioning. For example, in severe
cases of inflammatory bowel disease, the large intestine can be removed by a procedure known as a colectomy. Often,
a new fecal pouch can be crafted from the small intestine and sutured to the anus, but if not, an ileostomy can be
created by bringing the distal ileum through the abdominal wall, allowing the watery chyme to be collected in a baglike adhesive appliance.

Mechanical Digestion
In the large intestine, mechanical digestion begins when chyme moves from the ileum into the cecum, an activity
regulated by the ileocecal sphincter. Right after you eat, peristalsis in the ileum forces chyme into the cecum. When
the cecum is distended with chyme, contractions of the ileocecal sphincter strengthen. Once chyme enters the cecum,
colon movements begin.
Mechanical digestion in the large intestine includes a combination of three types of movements. The presence of
food residues in the colon stimulates a slow-moving haustral contraction. This type of movement involves sluggish
segmentation, primarily in the transverse and descending colons. When a haustrum is distended with chyme, its
muscle contracts, pushing the residue into the next haustrum. These contractions occur about every 30 minutes, and
each last about 1 minute. These movements also mix the food residue, which helps the large intestine absorb water.
The second type of movement is peristalsis, which, in the large intestine, is slower than in the more proximal portions
of the alimentary canal. The third type is a mass movement. These strong waves start midway through the transverse
colon and quickly force the contents toward the rectum. Mass movements usually occur three or four times per day,
either while you eat or immediately afterward. Distension in the stomach and the breakdown products of digestion in
the small intestine provoke the gastrocolic reflex, which increases motility, including mass movements, in the colon.
Fiber in the diet both softens the stool and increases the power of colonic contractions, optimizing the activities of
the colon.

Chemical Digestion
Although the glands of the large intestine secrete mucus, they do not secrete digestive enzymes. Therefore, chemical
digestion in the large intestine occurs exclusively because of bacteria in the lumen of the colon. Through the process
of saccharolytic fermentation, bacteria break down some of the remaining carbohydrates. This results in the
discharge of hydrogen, carbon dioxide, and methane gases that create flatus (gas) in the colon; flatulence is excessive
flatus. Each day, up to 1500 mL of flatus is produced in the colon. More is produced when you eat foods such as beans,
which are rich in otherwise indigestible sugars and complex carbohydrates like soluble dietary fiber.

Absorption, Feces Formation, and Defecation
The small intestine absorbs about 90 percent of the water you ingest (either as liquid or within solid food). The large
intestine absorbs most of the remaining water, a process that converts the liquid chyme residue into semisolid feces
(“stool”). Feces is composed of undigested food residues, unabsorbed digested substances, millions of bacteria, old
epithelial cells from the GI mucosa, inorganic salts, and enough water to let it pass smoothly out of the body. Of every
500 mL (17 ounces) of food residue that enters the cecum each day, about 150 mL (5 ounces) become feces.
Feces are eliminated through contractions of the rectal muscles. You help this process by a voluntary procedure
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called Valsalva’s maneuver, in which you increase intra-abdominal pressure by contracting your diaphragm and
abdominal wall muscles, and closing your glottis.
The process of defecation begins when mass movements force feces from the colon into the rectum, stretching
the rectal wall and provoking the defecation reflex, which eliminates feces from the rectum. This parasympathetic
reflex is mediated by the spinal cord. It contracts the sigmoid colon and rectum, relaxes the internal anal sphincter,
and initially contracts the external anal sphincter. The presence of feces in the anal canal sends a signal to the brain,
which gives you the choice of voluntarily opening the external anal sphincter (defecating) or keeping it temporarily
closed. If you decide to delay defecation, it takes a few seconds for the reflex contractions to stop and the rectal walls
to relax. The next mass movement will trigger additional defecation reflexes until you defecate.
If defecation is delayed for an extended time, additional water is absorbed, making the feces firmer and potentially
leading to constipation. On the other hand, if the waste matter moves too quickly through the intestines, not enough
water is absorbed, and diarrhea can result. This can be caused by the ingestion of foodborne pathogens. In general,
diet, health, and stress determine the frequency of bowel movements. The number of bowel movements varies greatly
between individuals, ranging from two or three per day to three or four per week.

By watching this animation
you will see that for the
various food
groups—proteins, fats, and
carbohydrates—digestion
begins in different parts of
the digestion system,
though all end in the same
place.

By watching this animation you will see that for the various food groups—proteins, fats, and
carbohydrates—digestion begins in different parts of the digestion system, though all end in the same place. Of the
three major food classes (carbohydrates, fats, and proteins), which is digested in the mouth, the stomach, and the
small intestine?

Chapter Review
The three main regions of the small intestine are the duodenum, the jejunum, and the ileum. The small intestine
is where digestion is completed and virtually all absorption occurs. These two activities are facilitated by structural
adaptations that increase the mucosal surface area by 600-fold, including circular folds, villi, and microvilli. There
are around 200 million microvilli per square millimeter of small intestine, which contain brush border enzymes that
complete the digestion of carbohydrates and proteins. Combined with pancreatic juice, intestinal juice provides the
liquid medium needed to further digest and absorb substances from chyme. The small intestine is also the site of
unique mechanical digestive movements. Segmentation moves the chyme back and forth, increasing mixing and
opportunities for absorption. Migrating motility complexes propel the residual chyme toward the large intestine.
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The main regions of the large intestine are the cecum, the colon, and the rectum. The large intestine absorbs water
and forms feces, and is responsible for defecation. Bacterial flora break down additional carbohydrate residue, and
synthesize certain vitamins. The mucosa of the large intestinal wall is generously endowed with goblet cells, which
secrete mucus that eases the passage of feces. The entry of feces into the rectum activates the defecation reflex.

Interactive Link Questions
Watch this animation that depicts the structure of the small intestine, and, in particular, the villi. Epithelial cells
continue the digestion and absorption of nutrients and transport these nutrients to the lymphatic and circulatory
systems. In the small intestine, the products of food digestion are absorbed by different structures in the villi. Which
structure absorbs and transports fats?
Answers may vary.
By watching this animation, you will see that for the various food groups—proteins, fats, and
carbohydrates—digestion begins in different parts of the digestion system, though all end in the same place. Of the
three major food classes (carbohydrates, fats, and proteins), which is digested in the mouth, the stomach, and the
small intestine?
Answers may vary.

Review Questions
1. In which part of the alimentary canal does most digestion occur?

A. stomach
B. proximal small intestine
C. distal small intestine
D. ascending colon
2. Which of these is most associated with villi?

A. haustra
B. lacteals
C. bacterial flora
D. intestinal glands
3. What is the role of the small intestine’s MALT?

A. secreting mucus
B. buffering acidic chyme
C. activating pepsin
D. preventing bacteria from entering the bloodstream
4. Which part of the large intestine attaches to the appendix?
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A. cecum
B. ascending colon
C. transverse colon
D. descending colon

Critical Thinking Questions
1. Explain how nutrients absorbed in the small intestine pass into the general circulation.

2. Why is it important that chyme from the stomach is delivered to the small intestine slowly and in small amounts?

3. Describe three of the differences between the walls of the large and small intestines.
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Glossary
anal canal
final segment of the large intestine
anal column
long fold of mucosa in the anal canal
anal sinus
recess between anal columns
appendix
(vermiform appendix) coiled tube attached to the cecum
ascending colon
first region of the colon
bacterial flora
bacteria in the large intestine
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brush border
fuzzy appearance of the small intestinal mucosa created by microvilli
cecum
pouch forming the beginning of the large intestine
circular fold
(also, plica circulare) deep fold in the mucosa and submucosa of the small intestine
colon
part of the large intestine between the cecum and the rectum
descending colon
part of the colon between the transverse colon and the sigmoid colon
duodenal gland
(also, Brunner’s gland) mucous-secreting gland in the duodenal submucosa
duodenum
first part of the small intestine, which starts at the pyloric sphincter and ends at the jejunum
epiploic appendage
small sac of fat-filled visceral peritoneum attached to teniae coli
external anal sphincter
voluntary skeletal muscle sphincter in the anal canal
feces
semisolid waste product of digestion
flatus
gas in the intestine
gastrocolic reflex
propulsive movement in the colon activated by the presence of food in the stomach
gastroileal reflex
long reflex that increases the strength of segmentation in the ileum
haustrum
small pouch in the colon created by tonic contractions of teniae coli
haustral contraction
slow segmentation in the large intestine
hepatopancreatic ampulla
(also, ampulla of Vater) bulb-like point in the wall of the duodenum where the bile duct and main pancreatic
duct unite
hepatopancreatic sphincter
(also, sphincter of Oddi) sphincter regulating the flow of bile and pancreatic juice into the duodenum
ileocecal sphincter
sphincter located where the small intestine joins with the large intestine
ileum
end of the small intestine between the jejunum and the large intestine
internal anal sphincter
involuntary smooth muscle sphincter in the anal canal
intestinal gland
(also, crypt of Lieberkühn) gland in the small intestinal mucosa that secretes intestinal juice
intestinal juice
mixture of water and mucus that helps absorb nutrients from chyme
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jejunum
middle part of the small intestine between the duodenum and the ileum
lacteal
lymphatic capillary in the villi
large intestine
terminal portion of the alimentary canal
left colic flexure
(also, splenic flexure) point where the transverse colon curves below the inferior end of the spleen
main pancreatic duct
(also, duct of Wirsung) duct through which pancreatic juice drains from the pancreas
major duodenal papilla
point at which the hepatopancreatic ampulla opens into the duodenum
mass movement
long, slow, peristaltic wave in the large intestine
mesoappendix
mesentery of the appendix
microvillus
small projection of the plasma membrane of the absorptive cells of the small intestinal mucosa
migrating motility complex
form of peristalsis in the small intestine
motilin
hormone that initiates migrating motility complexes
pectinate line
horizontal line that runs like a ring, perpendicular to the inferior margins of the anal sinuses
rectal valve
one of three transverse folds in the rectum where feces is separated from flatus
rectum
part of the large intestine between the sigmoid colon and anal canal
right colic flexure
(also, hepatic flexure) point, at the inferior surface of the liver, where the ascending colon turns abruptly to the
left
saccharolytic fermentation
anaerobic decomposition of carbohydrates
sigmoid colon
end portion of the colon, which terminates at the rectum
small intestine
section of the alimentary canal where most digestion and absorption occurs
tenia coli
one of three smooth muscle bands that make up the longitudinal muscle layer of the muscularis in all of the
large intestine except the terminal end
transverse colon
part of the colon between the ascending colon and the descending colon
Valsalva’s maneuver
voluntary contraction of the diaphragm and abdominal wall muscles and closing of the glottis, which increases
intra-abdominal pressure and facilitates defecation
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villus
projection of the mucosa of the small intestine

Solutions
Answers for Review Questions

1. B
2. B
3. D
4. A
Answers for Critical Thinking Questions

1. Nutrients from the breakdown of carbohydrates and proteins are absorbed through a capillary bed in the villi of the small intestine.
Lipid breakdown products are absorbed into a lacteal in the villi, and transported via the lymphatic system to the bloodstream.
2. If large quantities of chyme were forced into the small intestine, it would result in osmotic water loss from the blood into the
intestinal lumen that could cause potentially life-threatening low blood volume and erosion of the duodenum.
3. The mucosa of the small intestine includes circular folds, villi, and microvilli. The wall of the large intestine has a thick mucosal layer,
and deeper and more abundant mucus-secreting glands that facilitate the smooth passage of feces. There are three features that
are unique to the large intestine: teniae coli, haustra, and epiploic appendages.
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Accessory Organs in Digestion: The Liver, Pancreas,
and Gallbladder

Learning Objectives
By the end of this section, you will be able to:

• State the main digestive roles of the liver, pancreas, and gallbladder
• Identify three main features of liver histology that are critical to its function
• Discuss the composition and function of bile
• Identify the major types of enzymes and buffers present in pancreatic juice

Chemical digestion in the small intestine relies on the activities of three accessory digestive organs: the liver,
pancreas, and gallbladder (Figure 1). The digestive role of the liver is to produce bile and export it to the duodenum.
The gallbladder primarily stores, concentrates, and releases bile. The pancreas produces pancreatic juice, which
contains digestive enzymes and bicarbonate ions, and delivers it to the duodenum.
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Figure 1. Accessory Organs. The liver, pancreas, and gallbladder are considered accessory
digestive organs, but their roles in the digestive system are vital.

The Liver
The liver is the largest gland in the body, weighing about three pounds in an adult. It is also one of the most important
organs. In addition to being an accessory digestive organ, it plays a number of roles in metabolism and regulation.
The liver lies inferior to the diaphragm in the right upper quadrant of the abdominal cavity and receives protection
from the surrounding ribs.
The liver is divided into two primary lobes: a large right lobe and a much smaller left lobe. In the right lobe,
some anatomists also identify an inferior quadrate lobe and a posterior caudate lobe, which are defined by internal
features. The liver is connected to the abdominal wall and diaphragm by five peritoneal folds referred to as ligaments.
These are the falciform ligament, the coronary ligament, two lateral ligaments, and the ligamentum teres hepatis.
The falciform ligament and ligamentum teres hepatis are actually remnants of the umbilical vein, and separate the
right and left lobes anteriorly. The lesser omentum tethers the liver to the lesser curvature of the stomach.
The porta hepatis (“gate to the liver”) is where the hepatic artery and hepatic portal vein enter the liver. These
two vessels, along with the common hepatic duct, run behind the lateral border of the lesser omentum on the way
to their destinations. As shown in Figure 2, the hepatic artery delivers oxygenated blood from the heart to the liver.
The hepatic portal vein delivers partially deoxygenated blood containing nutrients absorbed from the small intestine
and actually supplies more oxygen to the liver than do the much smaller hepatic arteries. In addition to nutrients,
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drugs and toxins are also absorbed. After processing the bloodborne nutrients and toxins, the liver releases nutrients
needed by other cells back into the blood, which drains into the central vein and then through the hepatic vein to
the inferior vena cava. With this hepatic portal circulation, all blood from the alimentary canal passes through the
liver. This largely explains why the liver is the most common site for the metastasis of cancers that originate in the
alimentary canal.

Figure 2. Microscopic Anatomy of the Liver. The liver receives oxygenated blood from the hepatic
artery and nutrient-rich deoxygenated blood from the hepatic portal vein.

Histology
The liver has three main components: hepatocytes, bile canaliculi, and hepatic sinusoids. A hepatocyte is the liver’s
main cell type, accounting for around 80 percent of the liver’s volume. These cells play a role in a wide variety of
secretory, metabolic, and endocrine functions. Plates of hepatocytes called hepatic laminae radiate outward from the
portal vein in each hepatic lobule.
Between adjacent hepatocytes, grooves in the cell membranes provide room for each bile canaliculus (plural =
canaliculi). These small ducts accumulate the bile produced by hepatocytes. From here, bile flows first into bile
ductules and then into bile ducts. The bile ducts unite to form the larger right and left hepatic ducts, which
themselves merge and exit the liver as the common hepatic duct. This duct then joins with the cystic duct from the
gallbladder, forming the common bile duct through which bile flows into the small intestine.
A hepatic sinusoid is an open, porous blood space formed by fenestrated capillaries from nutrient-rich hepatic
ANATOMICAL BASIS OF INJURY | 371

portal veins and oxygen-rich hepatic arteries. Hepatocytes are tightly packed around the fenestrated endothelium of
these spaces, giving them easy access to the blood. From their central position, hepatocytes process the nutrients,
toxins, and waste materials carried by the blood. Materials such as bilirubin are processed and excreted into the
bile canaliculi. Other materials including proteins, lipids, and carbohydrates are processed and secreted into the
sinusoids or just stored in the cells until called upon. The hepatic sinusoids combine and send blood to a central vein.
Blood then flows through a hepatic vein into the inferior vena cava. This means that blood and bile flow in opposite
directions. The hepatic sinusoids also contain star-shaped reticuloendothelial cells (Kupffer cells), phagocytes that
remove dead red and white blood cells, bacteria, and other foreign material that enter the sinusoids. The portal triad
is a distinctive arrangement around the perimeter of hepatic lobules, consisting of three basic structures: a bile duct,
a hepatic artery branch, and a hepatic portal vein branch.

Bile
Recall that lipids are hydrophobic, that is, they do not dissolve in water. Thus, before they can be digested in the
watery environment of the small intestine, large lipid globules must be broken down into smaller lipid globules, a
process called emulsification. Bile is a mixture secreted by the liver to accomplish the emulsification of lipids in the
small intestine.
Hepatocytes secrete about one liter of bile each day. A yellow-brown or yellow-green alkaline solution (pH 7.6 to
8.6), bile is a mixture of water, bile salts, bile pigments, phospholipids (such as lecithin), electrolytes, cholesterol, and
triglycerides. The components most critical to emulsification are bile salts and phospholipids, which have a nonpolar
(hydrophobic) region as well as a polar (hydrophilic) region. The hydrophobic region interacts with the large lipid
molecules, whereas the hydrophilic region interacts with the watery chyme in the intestine. This results in the large
lipid globules being pulled apart into many tiny lipid fragments of about 1 µm in diameter. This change dramatically
increases the surface area available for lipid-digesting enzyme activity. This is the same way dish soap works on fats
mixed with water.
Bile salts act as emulsifying agents, so they are also important for the absorption of digested lipids. While most
constituents of bile are eliminated in feces, bile salts are reclaimed by the enterohepatic circulation. Once bile salts
reach the ileum, they are absorbed and returned to the liver in the hepatic portal blood. The hepatocytes then excrete
the bile salts into newly formed bile. Thus, this precious resource is recycled.
Bilirubin, the main bile pigment, is a waste product produced when the spleen removes old or damaged red blood
cells from the circulation. These breakdown products, including proteins, iron, and toxic bilirubin, are transported to
the liver via the splenic vein of the hepatic portal system. In the liver, proteins and iron are recycled, whereas bilirubin
is excreted in the bile. It accounts for the green color of bile. Bilirubin is eventually transformed by intestinal bacteria
into stercobilin, a brown pigment that gives your stool its characteristic color! In some disease states, bile does not
enter the intestine, resulting in white (‘acholic’) stool with a high fat content, since virtually no fats are broken down
or absorbed.
Hepatocytes work non-stop, but bile production increases when fatty chyme enters the duodenum and stimulates
the secretion of the gut hormone secretin. Between meals, bile is produced but conserved. The valve-like
hepatopancreatic ampulla closes, allowing bile to divert to the gallbladder, where it is concentrated and stored until
the next meal.
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Watch this video to see the
structure of the liver and
how this structure supports
the functions of the liver,
including the processing of
nutrients, toxins, and
wastes.

Watch this video to see the structure of the liver and how this structure supports the functions of the liver, including
the processing of nutrients, toxins, and wastes. At rest, about 1500 mL of blood per minute flow through the liver.
What percentage of this blood flow comes from the hepatic portal system?

The Pancreas
The soft, oblong, glandular pancreas lies transversely in the retroperitoneum behind the stomach. Its head is nestled
into the “c-shaped” curvature of the duodenum with the body extending to the left about 15.2 cm (6 in) and ending as
a tapering tail in the hilum of the spleen. It is a curious mix of exocrine (secreting digestive enzymes) and endocrine
(releasing hormones into the blood) functions (Figure 3).
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Figure 3. Exocrine and Endocrine Pancreas. The pancreas has a head, a body, and a
tail. It delivers pancreatic juice to the duodenum through the pancreatic duct.

The exocrine part of the pancreas arises as little grape-like cell clusters, each called an acinus (plural = acini), located
at the terminal ends of pancreatic ducts. These acinar cells secrete enzyme-rich pancreatic juice into tiny merging
ducts that form two dominant ducts. The larger duct fuses with the common bile duct (carrying bile from the
liver and gallbladder) just before entering the duodenum via a common opening (the hepatopancreatic ampulla).
The smooth muscle sphincter of the hepatopancreatic ampulla controls the release of pancreatic juice and bile into
the small intestine. The second and smaller pancreatic duct, the accessory duct (duct of Santorini), runs from the
pancreas directly into the duodenum, approximately 1 inch above the hepatopancreatic ampulla. When present, it is
a persistent remnant of pancreatic development.
Scattered through the sea of exocrine acini are small islands of endocrine cells, the islets of Langerhans. These vital
cells produce the hormones pancreatic polypeptide, insulin, glucagon, and somatostatin.

Pancreatic Juice
The pancreas produces over a liter of pancreatic juice each day. Unlike bile, it is clear and composed mostly of water
along with some salts, sodium bicarbonate, and several digestive enzymes. Sodium bicarbonate is responsible for the
slight alkalinity of pancreatic juice (pH 7.1 to 8.2), which serves to buffer the acidic gastric juice in chyme, inactivate
pepsin from the stomach, and create an optimal environment for the activity of pH-sensitive digestive enzymes in
the small intestine. Pancreatic enzymes are active in the digestion of sugars, proteins, and fats.
The pancreas produces protein-digesting enzymes in their inactive forms. These enzymes are activated in the
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duodenum. If produced in an active form, they would digest the pancreas (which is exactly what occurs in the
disease, pancreatitis). The intestinal brush border enzyme enteropeptidase stimulates the activation of trypsin
from trypsinogen of the pancreas, which in turn changes the pancreatic enzymes procarboxypeptidase and
chymotrypsinogen into their active forms, carboxypeptidase and chymotrypsin.
The enzymes that digest starch (amylase), fat (lipase), and nucleic acids (nuclease) are secreted in their active
forms, since they do not attack the pancreas as do the protein-digesting enzymes.

Pancreatic Secretion
Regulation of pancreatic secretion is the job of hormones and the parasympathetic nervous system. The entry of
acidic chyme into the duodenum stimulates the release of secretin, which in turn causes the duct cells to release
bicarbonate-rich pancreatic juice. The presence of proteins and fats in the duodenum stimulates the secretion of
CCK, which then stimulates the acini to secrete enzyme-rich pancreatic juice and enhances the activity of secretin.
Parasympathetic regulation occurs mainly during the cephalic and gastric phases of gastric secretion, when vagal
stimulation prompts the secretion of pancreatic juice.
Usually, the pancreas secretes just enough bicarbonate to counterbalance the amount of HCl produced in the
stomach. Hydrogen ions enter the blood when bicarbonate is secreted by the pancreas. Thus, the acidic blood
draining from the pancreas neutralizes the alkaline blood draining from the stomach, maintaining the pH of the
venous blood that flows to the liver.

The Gallbladder
The gallbladder is 8–10 cm (~3–4 in) long and is nested in a shallow area on the posterior aspect of the right lobe of
the liver. This muscular sac stores, concentrates, and, when stimulated, propels the bile into the duodenum via the
common bile duct. It is divided into three regions. The fundus is the widest portion and tapers medially into the body,
which in turn narrows to become the neck. The neck angles slightly superiorly as it approaches the hepatic duct. The
cystic duct is 1–2 cm (less than 1 in) long and turns inferiorly as it bridges the neck and hepatic duct.
The simple columnar epithelium of the gallbladder mucosa is organized in rugae, similar to those of the stomach.
There is no submucosa in the gallbladder wall. The wall’s middle, muscular coat is made of smooth muscle fibers.
When these fibers contract, the gallbladder’s contents are ejected through the cystic duct and into the bile duct
(Figure 4). Visceral peritoneum reflected from the liver capsule holds the gallbladder against the liver and forms the
outer coat of the gallbladder. The gallbladder’s mucosa absorbs water and ions from bile, concentrating it by up to
10-fold.
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Figure 4. Gallbladder. The gallbladder stores and concentrates bile, and releases it into
the two-way cystic duct when it is needed by the small intestine.

Chapter Review
Chemical digestion in the small intestine cannot occur without the help of the liver and pancreas. The liver produces
bile and delivers it to the common hepatic duct. Bile contains bile salts and phospholipids, which emulsify large
lipid globules into tiny lipid droplets, a necessary step in lipid digestion and absorption. The gallbladder stores and
concentrates bile, releasing it when it is needed by the small intestine.
The pancreas produces the enzyme- and bicarbonate-rich pancreatic juice and delivers it to the small intestine
through ducts. Pancreatic juice buffers the acidic gastric juice in chyme, inactivates pepsin from the stomach, and
enables the optimal functioning of digestive enzymes in the small intestine.

Interactive Link Questions
Watch this video to see the structure of the liver and how this structure supports the functions of the liver, including
the processing of nutrients, toxins, and wastes. At rest, about 1500 mL of blood per minute flow through the liver.
What percentage of this blood flow comes from the hepatic portal system?
Answers may vary.

Review Questions
1. Which of these statements about bile is true?

A. About 500 mL is secreted daily.
B. Its main function is the denaturation of proteins.
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C. It is synthesized in the gallbladder.
D. Bile salts are recycled.
2. Pancreatic juice ________.

A. deactivates bile.
B. is secreted by pancreatic islet cells.
C. buffers chyme.
D. is released into the cystic duct.

Critical Thinking Questions
1. Why does the pancreas secrete some enzymes in their inactive forms, and where are these enzymes activated?

2. Describe the location of hepatocytes in the liver and how this arrangement enhances their function.

Glossary
accessory duct
(also, duct of Santorini) duct that runs from the pancreas into the duodenum
acinus
cluster of glandular epithelial cells in the pancreas that secretes pancreatic juice in the pancreas
bile
alkaline solution produced by the liver and important for the emulsification of lipids
bile canaliculus
small duct between hepatocytes that collects bile
bilirubin
main bile pigment, which is responsible for the brown color of feces
central vein
vein that receives blood from hepatic sinusoids
common bile duct
structure formed by the union of the common hepatic duct and the gallbladder’s cystic duct
common hepatic duct
duct formed by the merger of the two hepatic ducts
cystic duct
duct through which bile drains and enters the gallbladder
enterohepatic circulation
recycling mechanism that conserves bile salts
enteropeptidase
intestinal brush-border enzyme that activates trypsinogen to trypsin
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gallbladder
accessory digestive organ that stores and concentrates bile
hepatic artery
artery that supplies oxygenated blood to the liver
hepatic lobule
hexagonal-shaped structure composed of hepatocytes that radiate outward from a central vein
hepatic portal vein
vein that supplies deoxygenated nutrient-rich blood to the liver
hepatic sinusoid
blood capillaries between rows of hepatocytes that receive blood from the hepatic portal vein and the branches
of the hepatic artery
hepatic vein
vein that drains into the inferior vena cava
hepatocytes
major functional cells of the liver
liver
largest gland in the body whose main digestive function is the production of bile
pancreas
accessory digestive organ that secretes pancreatic juice
pancreatic juice
secretion of the pancreas containing digestive enzymes and bicarbonate
porta hepatis
“gateway to the liver” where the hepatic artery and hepatic portal vein enter the liver
portal triad
bile duct, hepatic artery branch, and hepatic portal vein branch
reticuloendothelial cell
(also, Kupffer cell) phagocyte in hepatic sinusoids that filters out material from venous blood from the
alimentary canal

Solutions
Answers for Review Questions

1. D
2. C
Answers for Critical Thinking Questions

1. The pancreas secretes protein-digesting enzymes in their inactive forms. If secreted in their active forms, they would self-digest the
pancreas. These enzymes are activated in the duodenum.
2. The hepatocytes are the main cell type of the liver. They process, store, and release nutrients into the blood. Radiating out from the
central vein, they are tightly packed around the hepatic sinusoids, allowing the hepatocytes easy access to the blood flowing
through the sinusoids.
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The Stomach

Learning Objectives
By the end of this section, you will be able to:

• Label on a diagram the four main regions of the stomach, its curvatures, and its sphincter
• Identify the four main types of secreting cells in gastric glands, and their important products
• Explain why the stomach does not digest itself
• Describe the mechanical and chemical digestion of food entering the stomach

Although a minimal amount of carbohydrate digestion occurs in the mouth, chemical digestion really gets underway
in the stomach. An expansion of the alimentary canal that lies immediately inferior to the esophagus, the stomach
links the esophagus to the first part of the small intestine (the duodenum) and is relatively fixed in place at its
esophageal and duodenal ends. In between, however, it can be a highly active structure, contracting and continually
changing position and size. These contractions provide mechanical assistance to digestion. The empty stomach is
only about the size of your fist, but can stretch to hold as much as 4 liters of food and fluid, or more than 75 times its
empty volume, and then return to its resting size when empty. Although you might think that the size of a person’s
stomach is related to how much food that individual consumes, body weight does not correlate with stomach size.
Rather, when you eat greater quantities of food—such as at holiday dinner—you stretch the stomach more than when
you eat less.
Popular culture tends to refer to the stomach as the location where all digestion takes place. Of course, this is not
true. An important function of the stomach is to serve as a temporary holding chamber. You can ingest a meal far
more quickly than it can be digested and absorbed by the small intestine. Thus, the stomach holds food and parses
only small amounts into the small intestine at a time. Foods are not processed in the order they are eaten; rather, they
are mixed together with digestive juices in the stomach until they are converted into chyme, which is released into
the small intestine.
As you will see in the sections that follow, the stomach plays several important roles in chemical digestion,
including the continued digestion of carbohydrates and the initial digestion of proteins and triglycerides. Little if any
nutrient absorption occurs in the stomach, with the exception of the negligible amount of nutrients in alcohol.
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Structure
There are four main regions in the stomach: the cardia, fundus, body, and pylorus (Figure 1). The cardia (or cardiac
region) is the point where the esophagus connects to the stomach and through which food passes into the stomach.
Located inferior to the diaphragm, above and to the left of the cardia, is the dome-shaped fundus. Below the fundus
is the body, the main part of the stomach. The funnel-shaped pylorus connects the stomach to the duodenum. The
wider end of the funnel, the pyloric antrum, connects to the body of the stomach. The narrower end is called the
pyloric canal, which connects to the duodenum. The smooth muscle pyloric sphincter is located at this latter point of
connection and controls stomach emptying. In the absence of food, the stomach deflates inward, and its mucosa and
submucosa fall into a large fold called a ruga.

Figure 1. Stomach. The stomach has four major regions: the cardia, fundus, body, and pylorus. The addition of an inner
oblique smooth muscle layer gives the muscularis the ability to vigorously churn and mix food.

The convex lateral surface of the stomach is called the greater curvature; the concave medial border is the lesser
curvature. The stomach is held in place by the lesser omentum, which extends from the liver to the lesser curvature,
and the greater omentum, which runs from the greater curvature to the posterior abdominal wall.

Histology
The wall of the stomach is made of the same four layers as most of the rest of the alimentary canal, but with
adaptations to the mucosa and muscularis for the unique functions of this organ. In addition to the typical circular
and longitudinal smooth muscle layers, the muscularis has an inner oblique smooth muscle layer (Figure 2). As a
result, in addition to moving food through the canal, the stomach can vigorously churn food, mechanically breaking
it down into smaller particles.
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Figure 2. Histology of the Stomach. The stomach wall is adapted for the functions of the stomach. In the epithelium,
gastric pits lead to gastric glands that secrete gastric juice. The gastric glands (one gland is shown enlarged on the
right) contain different types of cells that secrete a variety of enzymes, including hydrochloride acid, which activates
the protein-digesting enzyme pepsin.

The stomach mucosa’s epithelial lining consists only of surface mucus cells, which secrete a protective coat of alkaline
mucus. A vast number of gastric pits dot the surface of the epithelium, giving it the appearance of a well-used
pincushion, and mark the entry to each gastric gland, which secretes a complex digestive fluid referred to as gastric
juice.
Although the walls of the gastric pits are made up primarily of mucus cells, the gastric glands are made up of
different types of cells. The glands of the cardia and pylorus are composed primarily of mucus-secreting cells. Cells
that make up the pyloric antrum secrete mucus and a number of hormones, including the majority of the stimulatory
hormone, gastrin. The much larger glands of the fundus and body of the stomach, the site of most chemical digestion,
produce most of the gastric secretions. These glands are made up of a variety of secretory cells. These include parietal
cells, chief cells, mucous neck cells, and enteroendocrine cells.
Parietal cells—Located primarily in the middle region of the gastric glands are parietal cells, which are among the
most highly differentiated of the body’s epithelial cells. These relatively large cells produce both hydrochloric acid
(HCl) and intrinsic factor. HCl is responsible for the high acidity (pH 1.5 to 3.5) of the stomach contents and is needed
to activate the protein-digesting enzyme, pepsin. The acidity also kills much of the bacteria you ingest with food and
helps to denature proteins, making them more available for enzymatic digestion. Intrinsic factor is a glycoprotein
necessary for the absorption of vitamin B12 in the small intestine.
Chief cells—Located primarily in the basal regions of gastric glands are chief cells, which secrete pepsinogen, the
inactive proenzyme form of pepsin. HCl is necessary for the conversion of pepsinogen to pepsin.
Mucous neck cells—Gastric glands in the upper part of the stomach contain mucous neck cells that secrete thin,
acidic mucus that is much different from the mucus secreted by the goblet cells of the surface epithelium. The role of
this mucus is not currently known.
Enteroendocrine cells—Finally, enteroendocrine cells found in the gastric glands secrete various hormones into the
interstitial fluid of the lamina propria. These include gastrin, which is released mainly by enteroendocrine G cells.
Table 6 describes the digestive functions of important hormones secreted by the stomach.
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Watch this animation that
depicts the structure of the
stomach and how this
structure functions in the
initiation of protein
digestion.

Watch this animation that depicts the structure of the stomach and how this structure functions in the initiation of
protein digestion. This view of the stomach shows the characteristic rugae. What is the function of these rugae?
Hormones Secreted by the Stomach (Table 6)
Hormone

Production site

Production stimulus

Target organ

Action

Gastrin

Stomach mucosa, mainly G cells of
the pyloric antrum

Presence of peptides and amino
acids in stomach

Stomach

Increases secretion by gastric glands;
promotes gastric emptying

Gastrin

Stomach mucosa, mainly G cells of
the pyloric antrum

Presence of peptides and amino
acids in stomach

Small
intestine

Promotes intestinal muscle
contraction

Gastrin

Stomach mucosa, mainly G cells of
the pyloric antrum

Presence of peptides and amino
acids in stomach

Ileocecal valve

Relaxes valve

Gastrin

Stomach mucosa, mainly G cells of
the pyloric antrum

Presence of peptides and amino
acids in stomach

Large intestine

Triggers mass movements

Ghrelin

Stomach mucosa, mainly fundus

Fasting state (levels increase just
prior to meals)

Hypothalamus

Regulates food intake, primarily by
stimulating hunger and satiety

Histamine

Stomach mucosa

Presence of food in the stomach

Stomach

Stimulates parietal cells to release HCl

Serotonin

Stomach mucosa

Presence of food in the stomach

Stomach

Contracts stomach muscle

Somatostatin

Mucosa of stomach, especially
pyloric antrum; also duodenum

Presence of food in the stomach;
sympathetic axon stimulation

Stomach

Restricts all gastric secretions, gastric
motility, and emptying

Somatostatin

Mucosa of stomach, especially
pyloric antrum; also duodenum

Presence of food in the stomach;
sympathetic axon stimulation

Pancreas

Restricts pancreatic secretions

Somatostatin

Mucosa of stomach, especially
pyloric antrum; also duodenum

Presence of food in the stomach;
sympathetic axon stimulation

Small
intestine

Reduces intestinal absorption by
reducing blood flow

Gastric Secretion
The secretion of gastric juice is controlled by both nerves and hormones. Stimuli in the brain, stomach, and small
intestine activate or inhibit gastric juice production. This is why the three phases of gastric secretion are called the
cephalic, gastric, and intestinal phases (Figure 3). However, once gastric secretion begins, all three phases can occur
simultaneously.
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Figure 3. The Three Phases of Gastric Secretion. Gastric secretion occurs in three phases: cephalic, gastric,
and intestinal. During each phase, the secretion of gastric juice can be stimulated or inhibited.

The cephalic phase (reflex phase) of gastric secretion, which is relatively brief, takes place before food enters the
stomach. The smell, taste, sight, or thought of food triggers this phase. For example, when you bring a piece of sushi
to your lips, impulses from receptors in your taste buds or the nose are relayed to your brain, which returns signals
that increase gastric secretion to prepare your stomach for digestion. This enhanced secretion is a conditioned reflex,
meaning it occurs only if you like or want a particular food. Depression and loss of appetite can suppress the cephalic
reflex.
The gastric phase of secretion lasts 3 to 4 hours, and is set in motion by local neural and hormonal mechanisms
triggered by the entry of food into the stomach. For example, when your sushi reaches the stomach, it creates
distention that activates the stretch receptors. This stimulates parasympathetic neurons to release acetylcholine,
which then provokes increased secretion of gastric juice. Partially digested proteins, caffeine, and rising pH stimulate
the release of gastrin from enteroendocrine G cells, which in turn induces parietal cells to increase their production
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of HCl, which is needed to create an acidic environment for the conversion of pepsinogen to pepsin, and protein
digestion. Additionally, the release of gastrin activates vigorous smooth muscle contractions. However, it should be
noted that the stomach does have a natural means of avoiding excessive acid secretion and potential heartburn.
Whenever pH levels drop too low, cells in the stomach react by suspending HCl secretion and increasing mucous
secretions.
The intestinal phase of gastric secretion has both excitatory and inhibitory elements. The duodenum has a major
role in regulating the stomach and its emptying. When partially digested food fills the duodenum, intestinal mucosal
cells release a hormone called intestinal (enteric) gastrin, which further excites gastric juice secretion. This
stimulatory activity is brief, however, because when the intestine distends with chyme, the enterogastric reflex
inhibits secretion. One of the effects of this reflex is to close the pyloric sphincter, which blocks additional chyme
from entering the duodenum.

The Mucosal Barrier
The mucosa of the stomach is exposed to the highly corrosive acidity of gastric juice. Gastric enzymes that can digest
protein can also digest the stomach itself. The stomach is protected from self-digestion by the mucosal barrier. This
barrier has several components. First, the stomach wall is covered by a thick coating of bicarbonate-rich mucus. This
mucus forms a physical barrier, and its bicarbonate ions neutralize acid. Second, the epithelial cells of the stomach’s
mucosa meet at tight junctions, which block gastric juice from penetrating the underlying tissue layers. Finally, stem
cells located where gastric glands join the gastric pits quickly replace damaged epithelial mucosal cells, when the
epithelial cells are shed. In fact, the surface epithelium of the stomach is completely replaced every 3 to 6 days.
Homeostatic Imbalances
Ulcers: When the Mucosal Barrier Breaks Down
As effective as the mucosal barrier is, it is not a “fail-safe” mechanism. Sometimes, gastric juice eats away at the
superficial lining of the stomach mucosa, creating erosions, which mostly heal on their own. Deeper and larger
erosions are called ulcers.
Why does the mucosal barrier break down? A number of factors can interfere with its ability to protect the stomach
lining. The majority of all ulcers are caused by either excessive intake of non-steroidal anti-inflammatory drugs
(NSAIDs), including aspirin, or Helicobacter pylori infection.
Antacids help relieve symptoms of ulcers such as “burning” pain and indigestion. When ulcers are caused by
NSAID use, switching to other classes of pain relievers allows healing. When caused by H. pylori infection, antibiotics
are effective.
A potential complication of ulcers is perforation: Perforated ulcers create a hole in the stomach wall, resulting in
peritonitis (inflammation of the peritoneum). These ulcers must be repaired surgically.

Digestive Functions of the Stomach
The stomach participates in virtually all the digestive activities with the exception of ingestion and defecation.
Although almost all absorption takes place in the small intestine, the stomach does absorb some nonpolar substances,
such as alcohol and aspirin.

Mechanical Digestion
Within a few moments after food after enters your stomach, mixing waves begin to occur at intervals of
approximately 20 seconds. A mixing wave is a unique type of peristalsis that mixes and softens the food with gastric
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juices to create chyme. The initial mixing waves are relatively gentle, but these are followed by more intense waves,
starting at the body of the stomach and increasing in force as they reach the pylorus. It is fair to say that long before
your sushi exits through the pyloric sphincter, it bears little resemblance to the sushi you ate.
The pylorus, which holds around 30 mL (1 fluid ounce) of chyme, acts as a filter, permitting only liquids and small
food particles to pass through the mostly, but not fully, closed pyloric sphincter. In a process called gastric emptying,
rhythmic mixing waves force about 3 mL of chyme at a time through the pyloric sphincter and into the duodenum.
Release of a greater amount of chyme at one time would overwhelm the capacity of the small intestine to handle
it. The rest of the chyme is pushed back into the body of the stomach, where it continues mixing. This process is
repeated when the next mixing waves force more chyme into the duodenum.
Gastric emptying is regulated by both the stomach and the duodenum. The presence of chyme in the duodenum
activates receptors that inhibit gastric secretion. This prevents additional chyme from being released by the stomach
before the duodenum is ready to process it.

Chemical Digestion
The fundus plays an important role, because it stores both undigested food and gases that are released during the
process of chemical digestion. Food may sit in the fundus of the stomach for a while before being mixed with the
chyme. While the food is in the fundus, the digestive activities of salivary amylase continue until the food begins
mixing with the acidic chyme. Ultimately, mixing waves incorporate this food with the chyme, the acidity of which
inactivates salivary amylase and activates lingual lipase. Lingual lipase then begins breaking down triglycerides into
free fatty acids, and mono- and diglycerides.
The breakdown of protein begins in the stomach through the actions of HCl and the enzyme pepsin. During
infancy, gastric glands also produce rennin, an enzyme that helps digest milk protein.
Its numerous digestive functions notwithstanding, there is only one stomach function necessary to life: the
production of intrinsic factor. The intestinal absorption of vitamin B12, which is necessary for both the production
of mature red blood cells and normal neurological functioning, cannot occur without intrinsic factor. People who
undergo total gastrectomy (stomach removal)—for life-threatening stomach cancer, for example—can survive with
minimal digestive dysfunction if they receive vitamin B12 injections.
The contents of the stomach are completely emptied into the duodenum within 2 to 4 hours after you eat a meal.
Different types of food take different amounts of time to process. Foods heavy in carbohydrates empty fastest,
followed by high-protein foods. Meals with a high triglyceride content remain in the stomach the longest. Since
enzymes in the small intestine digest fats slowly, food can stay in the stomach for 6 hours or longer when the
duodenum is processing fatty chyme. However, note that this is still a fraction of the 24 to 72 hours that full digestion
typically takes from start to finish.

Chapter Review
The stomach participates in all digestive activities except ingestion and defecation. It vigorously churns food. It
secretes gastric juices that break down food and absorbs certain drugs, including aspirin and some alcohol. The
stomach begins the digestion of protein and continues the digestion of carbohydrates and fats. It stores food as an
acidic liquid called chyme, and releases it gradually into the small intestine through the pyloric sphincter.
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Interactive Link Questions
Watch this animation that depicts the structure of the stomach and how this structure functions in the initiation of
protein digestion. This view of the stomach shows the characteristic rugae. What is the function of these rugae?
Answers may vary.

Review Questions
1. of these cells secrete hormones?

A. parietal cells
B. mucous neck cells
C. enteroendocrine cells
D. chief cells
2. Where does the majority of chemical digestion in the stomach occur?

A. fundus and body
B. cardia and fundus
C. body and pylorus
D. body
3. During gastric emptying, chyme is released into the duodenum through the ________.

A. esophageal hiatus
B. pyloric antrum
C. pyloric canal
D. pyloric sphincter
4. Parietal cells secrete ________.

A. gastrin
B. hydrochloric acid
C. pepsin
D. pepsinogen

Critical Thinking Questions
1. Explain how the stomach is protected from self-digestion and why this is necessary.

386 | LAYCI HARRISON

2. Describe unique anatomical features that enable the stomach to perform digestive functions.

Glossary
body
mid-portion of the stomach
cardia
(also, cardiac region) part of the stomach surrounding the cardiac orifice (esophageal hiatus)
cephalic phase
(also, reflex phase) initial phase of gastric secretion that occurs before food enters the stomach
chief cell
gastric gland cell that secretes pepsinogen
enteroendocrine cell
gastric gland cell that releases hormones
fundus
dome-shaped region of the stomach above and to the left of the cardia
G cell
gastrin-secreting enteroendocrine cell
gastric emptying
process by which mixing waves gradually cause the release of chyme into the duodenum
gastric gland
gland in the stomach mucosal epithelium that produces gastric juice
gastric phase
phase of gastric secretion that begins when food enters the stomach
gastric pit
narrow channel formed by the epithelial lining of the stomach mucosa
gastrin
peptide hormone that stimulates secretion of hydrochloric acid and gut motility
hydrochloric acid (HCl)
digestive acid secreted by parietal cells in the stomach
intrinsic factor
glycoprotein required for vitamin B12 absorption in the small intestine
intestinal phase
phase of gastric secretion that begins when chyme enters the intestine
mixing wave
unique type of peristalsis that occurs in the stomach
mucosal barrier
protective barrier that prevents gastric juice from destroying the stomach itself
mucous neck cell
gastric gland cell that secretes a uniquely acidic mucus
parietal cell
gastric gland cell that secretes hydrochloric acid and intrinsic factor
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pepsinogen
inactive form of pepsin
pyloric antrum
wider, more superior part of the pylorus
pyloric canal
narrow, more inferior part of the pylorus
pyloric sphincter
sphincter that controls stomach emptying
pylorus
lower, funnel-shaped part of the stomach that is continuous with the duodenum
ruga
fold of alimentary canal mucosa and submucosa in the empty stomach and other organs
stomach
alimentary canal organ that contributes to chemical and mechanical digestion of food from the esophagus
before releasing it, as chyme, to the small intestine

Solutions
Answers for Review Questions

1. C
2. A
3. D
4. B
Answers for Critical Thinking Questions

1. The mucosal barrier protects the stomach from self-digestion. It includes a thick coating of bicarbonate-rich mucus; the mucus is
physically protective, and bicarbonate neutralizes gastric acid. Epithelial cells meet at tight junctions, which block gastric juice from
penetrating the underlying tissue layers, and stem cells quickly replace sloughed off epithelial mucosal cells.
2. The stomach has an additional inner oblique smooth muscle layer that helps the muscularis churn and mix food. The epithelium
includes gastric glands that secrete gastric fluid. The gastric fluid consists mainly of mucous, HCl, and the enzyme pepsin released
as pepsinogen.

388 | LAYCI HARRISON

