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Illlustration: The chemical composition of the body’s structures determines their function. This ribbon diagram 
of a potassium channel protein (Kv1.2) shows the four subunits (in different colors) assembled together to 
create a pore for the passage of potassium ions (purple balls) across the plasma membrane. A view from the 
side (right) and a top-down view (left) of the channel are shown. Source: PDB ID: 2a79/Long, S.B., Campbell, 
E.B., MacKinnon, R./Howard Hughes Medical Institute, Laboratory of Molecular Neurobiology and Biophysics, 
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Module 2  
Cells and Chemistry

The Chemical  
Basis of Life

Life is chemistry. Chemicals compose the structures of the body, and the interac-
tions of chemicals with one another are responsible for the body’s functions. 
Nerve impulse generation, digestion, muscle contraction, and metabolism can 

be described in chemical terms, and so can many abnormal conditions and illnesses, 
as well as their treatments. These diverse functions all involve intricate interactions 
between molecules. For example, chemicals in saliva interact with food to aid in diges-
tion, and membrane proteins assemble to form a pore for ions to pass into and out of 
our cells to aid in nerve impulse generation and muscle contraction. To understand 
anatomy and physiology, it is essential to have a basic knowledge of chemistry—the 
scientific discipline concerned with the atomic composition of substances and the 
reactions they undergo. This chapter is not a comprehensive treatment of chemistry, 
but it does review some of the basic chemical concepts related to living systems. When 
necessary, refer back to this chapter when chemical processes are discussed later in 
the book.

Learn to Predict
Brad and his lab partner, Angie, mixed a 
small amount of starch into a test tube 
of water. Then they added iodine, which 
stained the starch molecules blue. Next 
they added saliva to the test tube. After  
30 minutes, the blue color disappeared. 
This exercise demonstrates the conse-
quences of metabolism in the absence 
of homeostasis (described in chapter 1). 
Homeostasis often involves a balance 
of chemical reactions that will make and 
break molecules, such as starch. In the  
test tube, only one reaction occurred. 
After reading the chapter, you will have 
learned that the rate of a chemical 
 reaction can be greatly increased by 
 enzymes in cells and body fluids, and 
you will understand the roles of two 
chemical phenomena—activation  
energy and  decomposition reactions. 
Considering the properties of enzymes 
and chemical  reactions, can you 
explain why the blue color in the test 
tube disappeared?

iv
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ixix

WHAT SETS  
 Seeley’s Anatomy & Physiology
 APART?

Seeley’s Learning System—Emphasis on Critical Thinking
An emphasis on critical thinking is integrated throughout this textbook. This approach is found in questions that begin each chapter 
and those embedded within the narrative; in clinical material that is designed to bridge concepts explained in the text with real-life ap-
plications and scenarios; in end-of-chapter questions that go beyond rote memorization; and in a visual program that presents material 
in understandable, relevant images, with application questions that follow each Process Figure.

▶ Problem-solving perspective from the book’s inception
▶ Pedagogy builds student comprehension from knowledge to application (Learn to Predict questions, Predict questions, Critical 

Thinking questions)

Seeley’s Anatomy & Physiology is written for the two-semester anatomy and physiology course. The writing 
is comprehensive enough to provide the depth necessary for those courses not requiring prerequisites, and is 
presented with such clarity that it nicely balances the thorough coverage. Clear descriptions and exceptional 
illustrations combine to help students develop a firm understanding of the concepts of anatomy and physiology 
and understand how to use that information.

What Makes this Text a Market Leader?

Predict Questions challenge students to use their understanding of  
new concepts to solve a problem. Answers to the odd-numbered Predict 
questions are provided in Appendix E, allowing students to evaluate their 
responses and to understand the logic used to arrive at the correct answer. All 
Predict question answers have been written in teaching style format to model 
the answer for students, to help them learn how to think critically.

Chapter Opener pages provide a Learn to Predict 
question, with the corresponding answer located just 
before the end-of-chapter Summary.

Critical Thinking These innovative exercises encourage 
students to apply chapter concepts to solve a problem. These 
questions help build each student’s knowledge of anatomy and 
physiology while developing reasoning and critical thinking skills. 
Answers to odd-numbered questions appear in Appendix G.

317

Learn to Predict
While weight training, Pedro strained his 
back injuring the following muscles: 
psoas major, iliacus, pectineus, sartorius, 
vastus lateralis, vastus medius, vastus 
intermedius, and rectus femoris. Predict 
Pedro’s symptoms and which move-
ments of his lower limb were affected, 
other than walking on a flat surface. 
What types of daily tasks would be 
 difficult for Pedro to perform?

10
Muscular System
GROSS ANATOMY

W ithout muscles, we humans would be little more than department store 
mannequins—unable to walk, talk, blink our eyes, or even hold this book. 
But none of these inconveniences would bother us for long because we 

would also not be able to breathe.
One of the major characteristics of living human beings is our ability to move 

about. But we also use our skeletal muscles when we are not “moving.” Postural muscles 
are constantly contracting to keep us sitting or standing upright. Respiratory muscles 
are constantly functioning to keep us breathing, even while we are asleep. Communi-
cation of all kinds requires skeletal muscles, whether for writing, typing, or speaking. 
Even silent communication using hand signals or facial expressions requires skeletal 
muscle function.

This chapter focuses on the anatomy of the major named skeletal muscles; cardiac 
muscle is considered in more depth in later chapters. The physiology of skeletal and smooth 
muscle is described in chapter 9, including the effects of aging on skeletal muscle.

Photo: The man in this photo has clearly defined muscles. Which muscles can you identify? ©Digital Vision/
Getty Images

Module 6  
Muscular System

349CHAPTER 10 Muscular System: Gross Anatomy

wrist and fingers, such as when making a fist, is accomplished by 
most of the anterior forearm muscles. Extension of the wrist and 
fingers, such as when opening a fist, is accomplished by most of 
the posterior forearm muscles.

of the arm (see figures 10.21d and 10.24d). The brachialis lies 
deep to the biceps brachii and can be seen only as a mass on the 
medial and lateral sides of the arm. The brachioradialis forms a 
bulge on the anterolateral side of the forearm just distal to the 
elbow ( figures  10.24b and 10.25b,d). If the elbow is forcefully 
flexed in the midprone position (midway between pronation and 
supination), the brachioradialis stands out clearly on the forearm 
(figure 10.25d).

Supination and Pronation
The muscles that supinate (turn palm up) the forearm and hand are  
(1) the supinator, and (2) the biceps brachii (see figures 10.24, 
10.25c, and 10.26b). The muscles that pronate (turn palm down) the 
forearm and hand are (1) the pronator quadratus (kwah-drā′tŭs) and 
(2) the pronator teres (ter′ēz, tēr′ēz; see figures 10.24a and 10.25a,c).

 Predict 4
Explain the difference between doing chin-ups with the forearm 
supinated and doing them with it pronated. The action of which muscle 
predominates in each type of chin-up? Which type is easier? Why?

Wrist, Hand, and Finger Movements
The forearm muscles are divided into anterior and posterior 
groups (table 10.17; see figures 10.25 and 10.26). Flexion of the 

TABLE 10.16 Muscles Acting on the Forearm (see figure 10.24)

Muscle Origin Insertion Nerve Action

Arm

Biceps brachii  
(bı̄ ′seps brā′kē-ı̄ )

Long head—supraglenoid 
tubercle

Radial tuberosity and  
aponeurosis of biceps 
brachii

Musculocutaneous Flexes shoulder and 
elbow; supinates forearm 
and hand

Short head—coracoid process

Brachialis (brā′kē-al′is) Anterior surface of humerus Ulnar tuberosity and  
coronoid process of ulna

Musculocutaneous 
and radial

Flexes elbow

Triceps brachii  
(trı̄ ′seps brā′kē-ı̄ )

Long head—infraglenoid tubercle 
on lateral border of scapula

Olecranon process of ulna Radial Extends elbow; extends 
shoulder and adducts arm

Lateral head—lateral and poste-
rior surface of humerus

Medial head—posterior humerus

Forearm

Anconeus  
(ang-kō ′nē-ŭs)

Lateral epicondyle of humerus Olecranon process and 
posterior ulna

Radial Extends elbow

Brachioradialis  
(brā′kē-ō-rā′dē-al′is)

Lateral supracondylar ridge of 
humerus

Styloid process of radius Radial Flexes elbow

Pronator quadratus  
(prō-nā′ter, prō-nā′tōr 
kwah-drā′tŭs)

Distal ulna Distal radius Anterior 
interosseous

Pronates forearm  
(and hand)

Pronator teres  
(prō-nā-tōr ter′ēz, tēr′ēz)

Medial epicondyle of humerus  
and coronoid process of ulna

Radius Median Pronates forearm  
(and hand)

Supinator (soo′pi-nā-ter, 
soo′pi-nā-tōr)

Lateral epicondyle of humerus  
and ulna

Radius Radial Supinates forearm  
(and hand)

Clinical
IMPACT 10.3

Tennis Elbow

Forceful, repetitive use of the forearm extensor muscles can 
damage them where they attach to the lateral epicondyle. This 
condition is often called tennis elbow because it can result 

from playing tennis. It is also called lateral epicondylitis because 
it can result from other sports and activities, including shoveling 
snow. Treatment rarely requires surgery; rather, noninvasive prac-
tices, such as rest, ice, compression, and elevation (RICE) and anti-
inflammatory medications, are usually effective. It is also possible 
to experience “golfer’s elbow,” or medial epicondylitis, where the 
medial forearm tendons attach to the medial epicondyle of the 
humerus.
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Learn to Predict 
The description of Pedro’s injury provided specific information 
about the regions of the body affected: the left hip and thigh. These 
facts will help us determine Pedro’s symptoms and predict the 
movements that may be affected by his injury.

We read in this chapter that the muscles affected by 
Pedro’s injury (psoas major, iliacus, pectineus, sartorius, vastus 
lateralis, vastus medius, vastus intermedius, and rectus femo-
ris) are involved in flexing the hip, the knee, or both. Therefore, 
we can conclude that movements involving hip and knee 

flexion, such as walking up and down stairs, would be affected. 
Any tasks that require Pedro to walk up and down stairs would 
be more difficult for him. Sitting and standing may also be 
affected, but the weakness in Pedro’s left hip and thigh may 
be compensated for by increased muscle strength on his 
right side.

Answers to the odd-numbered Predict questions from this chap-
ter appear in appendix E.

Answer

ASSESS YOUR PROGRESS

31. Name the anterior hip muscle that flexes the hip. What 
muscles act as synergists to this muscle?

32. How is it possible for thigh muscles to move both the thigh 
and the leg? Name the six muscles that can do this, and 
give their actions.

33. What movements are produced by the three muscle 
compartments of the leg? Name the muscles of each 

compartment, and describe the movements for which  
each muscle is responsible.

34. What movement do the fibularis muscles have in 
common? The tibialis muscles?

35. Name the leg muscles that flex the knee. Which of them 
can also plantar flex the foot?

36. List the general actions performed by the intrinsic foot  
muscles.

Body movements result from the contraction of skeletal muscles.

10.1  General Principles of Skeletal Muscle 
Anatomy

1. The less movable end of a muscle attachment is the origin; the more 
movable end is the insertion.

2. An agonist causes a certain movement, and an antagonist acts in 
opposition to the agonist.

3. Synergists are muscles that function together to produce movement.
4. Prime movers are mainly responsible for a movement. Fixators stabi-

lize the action of prime movers.

Muscle Shapes
Muscle shape is determined primarily by the orientation of muscle 
fascicles.

Muscle Names
Muscles are named according to their location, size, shape, orientation of 
fascicles, origin and insertion, number of heads, or function.

Muscle Movements
Contracting muscles generate a force that acts on bones (levers) across 
joints (fulcrums) to create movement. Three classes of levers have been 
identified.

Muscle Anatomy
The study of muscle anatomy is usually broken down into body regions: 
head and neck, trunk, upper limbs, and lower limbs.

10.2 Head and Neck Muscles
Neck Muscles
The origins of these muscles are mainly on the cervical vertebrae (except 
for the sternocleidomastoid); the insertions are on the occipital bone or 
mastoid process. They cause flexion, extension, rotation, and lateral flexion 
of the head and neck.

Facial Expression
The origins of facial muscles are on skull bones or fascia; the inser-
tions are into the skin, causing movement of the facial skin, lips, and 
eyelids.

Mastication
Three pairs of muscles close the jaw; gravity opens the jaw. Forced open-
ing is caused by the lateral pterygoids and the hyoid muscles.

Tongue Movements
Intrinsic tongue muscles change the shape of the tongue; extrinsic tongue 
muscles move the tongue.

Swallowing and the Larynx
1. Hyoid muscles can depress the jaw and assist in swallowing.
2. Muscles open and close the openings to the nasal cavity, auditory 

tubes, and larynx.

Movements of the Eyeball
Six muscles with their origins on the orbital bones insert on the eyeball 
and cause it to move within the orbit.

Summary
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For questions 3–7, match each organ system with one of the following 
functions.

a. regulates other organ systems
b. removes waste products from the blood; maintains water balance
c. regulates temperature; reduces water loss; provides protection
d. removes foreign substances from the blood; combats disease; 

maintains tissue fluid balance
e. produces movement; maintains posture; produces body heat

3. Endocrine system
4. Integumentary system
5. Muscular system
6. Nervous system
7. Urinary system
8. The characteristic of life that is defined as “all the chemical reactions 

taking place in an organism” is
a. development. c. metabolism. e. responsiveness.
b. growth. d. organization.

9. The following events are part of a negative-feedback mechanism.
(1) Blood pressure increases.
(2) The control center compares actual blood pressure to the blood 

pressure set point.
(3) The heart beats faster.
(4) Receptors detect a decrease in blood pressure.

  Choose the arrangement that lists the events in the order they occur.
a. 1,2,3,4 c. 3,1,4,2 e. 4,3,2,1
b. 1,3,2,4 d. 4,2,3,1

10. Which of these statements concerning positive feedback is correct?
a. Positive-feedback responses maintain homeostasis.
b. Positive-feedback responses occur continuously in healthy 

individuals.
c. Birth is an example of a normally occurring positive-feedback 

mechanism.
d. When cardiac muscle receives an inadequate supply of blood,  

positive-feedback mechanisms increase blood flow to the heart.
e. Medical therapy seeks to overcome illness by aiding positive- 

feedback mechanisms.
11. A term that means nearer the attached end of a limb is

a. distal. c. medial. e. superficial.
b. lateral. d. proximal.

12. Which of these directional terms are paired most appropriately as 
opposites?
a. superficial and deep d. superior and posterior
b. medial and proximal e. anterior and inferior
c. distal and lateral

13. The part of the upper limb between the elbow and the wrist is called the
a. arm. c. hand. e. lower arm.
b. forearm. d. inferior arm.

14. A patient with appendicitis usually has pain in the  
quadrant of the abdomen.
a. left-lower c. left-upper
b. right-lower d. right-upper

15. A plane that divides the body into anterior and posterior parts is a
a. frontal (coronal) plane. b. sagittal plane. c. transverse plane.

16. The lungs are
a. part of the mediastinum.
b. surrounded by the pericardial cavity.
c. found within the thoracic cavity.
d. separated from each other by the diaphragm.
e. surrounded by mucous membranes.

17. Given the following organ and cavity combinations:
(1) heart and pericardial cavity
(2) lungs and pleural cavity
(3) stomach and peritoneal cavity
(4) kidney and peritoneal cavity

  Which of the organs is correctly paired with a space that surrounds 
that organ?
a. 1,2 b. 1,2,3 c. 1,2,4 d. 2,3,4 e. 1,2,3,4

18. Which of the following membrane combinations are found on the 
superior and inferior surface of the diaphragm?
a. parietal pleura—parietal peritoneum
b. parietal pleura—visceral peritoneum
c. visceral pleura—parietal peritoneum
d. visceral pleura—visceral peritoneum

19. Which of the following organs are not retroperitoneal?
a. adrenal glands c. kidneys e. stomach
b. urinary bladder d. pancreas

Answers appear in appendix F.

CRITICAL THINKING
1. Exposure to a hot environment causes the body to sweat. The hotter the 

environment, the greater the sweating. Two anatomy and physiology 
students are arguing about the mechanisms involved. Student A claims 
that they are positive feedback, and student B claims they are negative 
feedback. Do you agree with student A or student B, and why?

2. A male has lost blood as a result of a gunshot wound. Even though the 
bleeding has been stopped, his blood pressure is low and dropping, 
and his heart rate is elevated. Following a blood transfusion, his blood 
pressure increases and his heart rate decreases. Which of the follow-
ing statement(s) is (are) consistent with these observations?
a. Negative-feedback mechanisms can be inadequate without medi-

cal intervention.
b. The transfusion interrupted a positive-feedback mechanism.

c. The increased heart rate after the gunshot wound and before the 
transfusion is a result of a positive-feedback mechanism.

d. a and b
e. a, b, and c

3. Provide the correct directional term for the following statement: When 
a boy is standing on his head, his nose is  to his mouth.

4. During pregnancy, which of the mother’s body cavities increases 
most in size?

5. A woman falls while skiing and is accidentally impaled by her ski 
pole. The pole passes through the abdominal body wall and into and 
through the stomach, pierces the diaphragm, and finally stops in 
the left lung. List, in order, the serous membranes the pole pierces.

Answers to odd-numbered questions appear in appendix G.

Design Element: EKG: ©McGraw-Hill Education; Bacteria: Source: CDC/Janice Haney Carr; X-Ray: ©Digital Vision/PunchStock; Twins:  
©Barbara Penoyar/Getty Images; Fetus: ©Janis Christie/Getty Images; Doctor: ©Stockbyte/Getty Images.
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Clinical Emphasis—Case Studies  
Bring Relevance to the Reader

▶ Chapter opening photos and scenarios have been 
correlated to provide a more complete story and begin 
critical thinking from the start of the chapter 

▶ Learn to Predict and chapter Predict questions, with unique 
Learn to Predict answers

▶ Clinical Impact boxes (placed at key points in the text)
▶ Case Studies
▶ Clinical Genetics essays have been updated and 

streamlined for accuracy and impact
▶ Diseases and Disorders tables
▶ Systems Pathology boxes with System Interactions 

illustration

Clinical Impact boxes These in-depth 
boxed essays explore relevant topics 
of clinical interest. Subjects covered 
include pathologies, current research, 
sports medicine, exercise physiology, and 
pharmacology.

Systems Pathology boxes These 2-page spreads explore a specific condition or disorder related to a particular body system. 
Presented in a simplified case study format, each Systems Pathology vignette begins with a patient history, followed by background 
information about the featured topic.
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A ball-and-socket joint consists of a ball (head) at the end 
of one bone and a socket in an adjacent bone into which a portion 
of the ball fits (table 8.3). This type of joint is multiaxial, allowing 
a wide range of movement in almost any direction. Examples are 
the shoulder and hip joints.

An ellipsoid joint (condyloid joint) is a modified ball-and-
socket joint (table 8.3). The articular surfaces are ellipsoid in shape, 
rather than spherical as in regular ball-and-socket joints. Ellipsoid 
joints are biaxial, because the shape of the joint limits its range 
of movement almost to a hinge motion in two axes and restricts 
 rotation. The atlantooccipital joint of the neck is an example.

ASSESS YOUR PROGRESS

5. Describe the structure of a synovial joint. How do the 
different parts of the joint contribute to joint movement?

6. What are articular disks, and where are they found?

7. What are bursae and tendon sheaths? What is the 
function of each?

8. On what basis are synovial joints classified? List and describe 
the six types of synovial joints, and give an example of each.

9. What directional movements are permitted at each type of 
synovial joint?

(1) plane, (2) saddle, (3) hinge, (4) pivot, (5) ball-and-socket, 
and (6) ellipsoid (table 8.3). Movements at synovial joints are 
described as uniaxial, occurring around one axis; biaxial, occur-
ring around two axes situated at right angles to each other; or 
multiaxial, occurring around several axes.

A plane joint, or gliding joint, consists of two flat bone sur-
faces of about equal size between which a slight gliding motion 
can occur (table 8.3). These joints are considered uniaxial because 
some  rotation is also possible but is limited by ligaments and adja-
cent bone. Examples are the articular processes between vertebrae.

A saddle joint consists of two saddle-shaped articulating 
surfaces oriented at right angles to each other so that their com-
plementary surfaces articulate (table 8.3). Saddle joints are biax-
ial joints. The carpometacarpal joint of the thumb is an example.

A hinge joint is a uniaxial joint in which a convex cylinder in 
one bone is applied to a corresponding concavity in the other bone 
(table 8.3). Examples include the elbow and knee joints.

A pivot joint is a uniaxial joint that restricts movement to 
rotation around a single axis (table 8.3). A pivot joint consists 
of a relatively cylindrical bony process that rotates within a ring 
composed partly of bone and partly of ligament. The articulation 
 between the head of the radius and the proximal end of the ulna is 
an example. The articulation between the dens, a process on the 
axis (see chapter 7), and the atlas is another example.

Rheumatoid arthritis (RA) is the sec-
ond most common type of arthritis. 
It affects about 3% of all women and 

about 1% of all men in the United States. 
RA is a general connective tissue disorder 
that affects the skin, vessels, lungs, and other 
organs, but it is most pronounced in the joints. 
RA is severely disabling and most commonly 

destroys small joints, such as those in the 
hands and feet (figure 8.8).

The initial cause of RA is unknown but 
may involve a transient infection or an auto-
immune disease (an immune reaction to one’s 
own tissues; see chapter 22) that develops 
against collagen. A genetic predisposition 
may also exist. Whatever the cause, the 

ultimate course appears to be immunologi-
cal. In RA, the synovial fluid and associated 
connective tissue cells proliferate, forming 
a pannus (clothlike layer), which causes 
the joint capsule to become thickened and 
destroys the articular cartilage. In advanced 
stages, opposing joint surfaces can become 
fused. 

Clinical 
IMPACT 8.2 Rheumatoid Arthritis

(a) (b)

FIGURE 8.8 Rheumatoid Arthritis
(a) Photograph of hands with rheumatoid arthritis. (b) Radiographs of the same hands shown in (a). (a) ©James Stevenson/Science Photo Library/Science 

Source; (b) ©CNRI/Science Photo Library/Science Source
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FIGURE 8.26 Ligaments of the Ankle Joint
(a) Medial view of the right ankle joint. (b) Lateral view of the same joint. 

TABLE 8.7 Ligaments of the Ankle and Arch 
(see figure 8.26)

Ligament Description

Medial Thickening of the medial fibrous capsule  
that attaches the medial malleolus to the cal-
caneus, navicular, and talus; also called the 
deltoid ligament

Anterior talofibular Extends from the lateral malleolus to the neck  
of the talus; fused with the joint capsule

Calcaneofibular Extends from the lateral malleolus to the  
lateral surface of the calcaneus; separate 
from the capsule

Long plantar Extends from the calcaneus to the cuboid 
and bases of metatarsal bones 2–5

Plantar  
calcaneocuboid

Extends from the calcaneus to the cuboid

Plantar  
calcaneonavicular  
(short plantar)

Extends from the calcaneus to the navicular

It was an exciting moment in the soccer game as Erilynn turned 
and planted her right foot to take a shot on goal. However, before 
she could take the shot, an opponent slid into the medial aspect 

of her lower right leg, causing painful inversion of her foot and a 
sprain to the lateral aspect of the ankle. Ankle sprains result when 
the ligaments of the ankle are partially or completely torn. They are 
the most common injuries for soccer players and the ankle in gen-
eral is the most frequently injured major joint of the body. Ankle 
sprains are most often caused by forceful inversion of the foot, as 
happened to Erilynn, with tears in the calcaneofibular and anterior 
talofibular ligaments (figure 8.27). With very severe inversion, a 
fibular fracture can also occur because the talus can slide against 
the lateral malleolus and break it (see chapter 7). Luckily Erilynn 
made a full recovery after 2–3 months of physical therapy.

Case 
STUDY 8.1

Ankle Injury

Torn fibers of 
calcaneofibular
ligament

Lateral view

Torn fibers of
anterior talofibular
ligament

FIGURE 8.27 Injury to the Ankle
Torn ligament fibers following forceful inversion of the foot are 
shown in a lateral view of the right ankle.

protein structure caused by age-related modifications that cross-link 
proteins together. These changes are most prevalent in long-lived pro-
teins, such as collagen, which is abundant in fibrous connective  tissue. 
Hence, the flexibilty and strength of tendons and ligaments decrease 
with age. Tissue repair slows as cell proliferation rates decline and 
the rate of new blood vessel development decreases. These general 
changes can significantly affect synovial joints.

In addition, with use, the cartilage covering articular  surfaces 
can wear down. When a person is young, the production of new, 
resilient matrix compensates for the wear. However, as a person 

Smooth muscle is therefore well adapted for lining the walls of 
hollow organs, such as the stomach and the urinary bladder. As the 
volume of the stomach or urinary bladder increases, the tension 
applied to its contents increases only slightly. Also, as the volume 
of the large and small intestines increases, the contractions that 
move food through them do not dramatically change in amplitude.

Regulation of Smooth Muscle
The autonomic nervous system innervates smooth muscle, whereas 
the somatic motor nervous system innervates skeletal muscle (see 
chapter 11). The regulation of smooth muscle is therefore involun-
tary, and the regulation of skeletal muscle is voluntary.

Functional Properties of Smooth Muscle
Smooth muscle has four functional properties not seen in skel-
etal muscle: 

1. Some visceral smooth muscle exhibits autorhythmic contractions. 
2. Smooth muscle tends to contract in response to being 

stretched, but a slow increase in length produces less response 
than a more rapid increase in length. 

3. Smooth muscle exhibits a relatively constant tension, called 
smooth muscle tone, over a long period and maintains that ten-
sion in response to a gradual increase in the smooth muscle length. 

4. The amplitude of contraction produced by smooth muscle 
also remains constant, although the muscle length varies. 

Background Information
A couple became concerned about their 3-year-old son, Greger, when 
they noticed that he was much weaker than other boys his age and his 
muscles appeared poorly developed. Eventually, it was readily apparent 
that Greger had difficulty sitting, standing, climbing stairs, and even 
walking. When Greger tried to stand, he would use his hands and arms 
to climb up his legs. Finally, the couple took Greger to his pediatrician, 
who, after several tests, informed them that Greger had Duchenne mus-
cular dystrophy. Duchenne muscular dystrophy (DMD) is usually 
identified in children around 3 years of age, when their parents notice 
slow motor development with progressive weakness and muscle wast-
ing (atrophy). Typically, muscular weakness begins in the hip muscles, 
which causes a waddling gait. Temporary enlargement of the calf 
muscles is apparent in 80% of cases. The enlargement is paradoxical 
because the muscle fibers are actually getting smaller, but the amount of 
fibrous connective tissue and fat between the muscle fibers is increas-
ing (figure 9.28a and b). The protein that normally protects muscle 
against mechanical stress is not functional in patients with DMD. This 
is thought to be the primary cause of the muscle weakness and other 
symptoms. Rising from the floor by using the hands and arms is char-
acteristic and is caused by weakness of the lumbar and hip muscles 
(figure 9.28c). Within 3 to 5 years, the muscles of the shoulder girdle 

(a) Normal Muscle Tissue (b) DMD Muscle Tissue (c) A DMD Patient

Systems 
PATHOLOGY Duchenne Muscular Dystrophy

FIGURE 9.28 Effects of DMD on Skeletal Muscle Tissue
(a) Cross section of normal skeletal muscle tissue. Note the lesser amount of adipose and connective tissue between muscle fibers than seen in (b). 
(b) Cross section of DMD skeletal muscle tissue. Skeletal muscle fibers decrease in size and have increased amount of adipose and connective tissue 
distributed among the muscle fibers. (c) Patients with DMD must support themselves whether sitting or standing on the ground. (a) ©Biophoto Associates/
Science Source; (b) Source: Centers for Disease Control; (c) ©Jaren Jai Wicklund/Shutterstock

become involved. The replacement of muscle with connective tissue contrib-
utes to muscular atrophy and shortened, inflexible muscles called contrac-
tures. The contractures limit movements and can cause severe deformities 
of the skeleton. By 10 to 12 years of age, people with DMD are usually 
unable to walk, and few live beyond age 20. DMD is genetic, but because 
of its inheritance pattern, mostly males are affected. There is no effective 
treatment to prevent the progressive deterioration of muscles in DMD. 
Therapy primarily involves exercises to help strengthen muscles and prevent 
contractures. Figure 9.29 demonstrates the impact DMD has on other organ 
systems. Table 9.6 lists other diseases and disorders of the muscular system.

 Predict 10 
A boy with advanced Duchenne muscular dystrophy developed 
pulmonary edema (accumulation of fluid in the lungs) and pneumonia 
caused by a bacterial infection. His physician diagnosed the condition 
in the following way: The pulmonary edema was the result of heart 
failure, and the increased fluid in the lungs provided a site where 
bacteria could invade and grow. The fact that the boy could not 
breathe deeply or cough effectively made the condition worse. How 
would the muscle tissues in a boy with advanced DMD differ from the 
muscle tissues in a boy with less advanced DMD?
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influence smooth muscle function. For example, blood flow 
through capillaries is dramatically influenced by these substances 
(see chapter 21).

The type of receptors present on the plasma membrane to 
which the neurotransmitters or hormones bind determines the 
response of the smooth muscle. Some smooth muscle types have 
receptors to which acetylcholine binds, and the receptor responds 
by stimulating contractions; other smooth muscle types have recep-
tors to which acetylcholine binds, and the receptor responds by 
inhibiting contractions. A similar relationship exists for smooth 
muscle receptors for norepinephrine and certain hormones. In 
some smooth muscle fibers, norepinephrine stimulates contraction, 
while in others, it inhibits contraction.

The most important neurotransmitters released from the nerves 
that innervate smooth muscle cells are acetylcholine and norepi-
nephrine. Acetylcholine stimulates some smooth muscle types to 
contract but inhibits others.

Hormones are also important in regulating smooth muscle. 
Epinephrine, a hormone from the adrenal medulla, stimulates some 
smooth muscles, such as those in the blood vessels of the small 
intestine, and inhibits other smooth muscles, such as those in the 
intestinal wall. Oxytocin stimulates contractions of uterine smooth 
muscle, especially during childbirth. These and other hormones are 
discussed more thoroughly in chapters 17 and 18. Other chemical 
substances produced locally by surrounding tissues—such as hista-
mine, prostaglandins, and by-products of metabolism—also 

DIGESTIVE
Smooth muscle tissue is affected 

by DMD, and the reduced ability of 
smooth muscle to contract can result 
in disorders of the digestive system, 

including enlarged colon diameter and 
twisting of the small intestine that leads 
to intestinal obstruction, cramping, and 

reduced absorption of nutrients.

LYMPHATIC AND IMMUNE
Although the lymphatic system 
is not directly affected, damaged 
muscle fibers are phagocytized by 
macrophages.

NERVOUS
Some degree of intellectual diability occurs 
in a large percentage of people with DMD, 
although the specific cause is unknown. 

SKELETAL
Shortened, inflexible muscles (contractures) cause severe 
skeletal deformities. Curvature of the spinal column laterally and 
anteriorly (kyphoscoliosis) can be so severe that normal respiratory 
movements are impaired. Surgery is sometimes required to 
prevent contractures from making it impossible for the individual to 
sit in a wheelchair.

Duchenne  
Muscular  
Dystrophy

Symptoms
•	 Muscle	weakness
•	 Muscle	atrophy
•	 Contractures

Treatment
•	 Physical	therapy	to	

prevent contractures
•	 No	effective	treatment	

to prevent atrophy

URINARY
Reduced smooth muscle function 

and wheelchair dependency 
increase the frequency of urinary 

tract infections.

RESPIRATORY
Deformity of the thorax and increasing weakness of the respiratory muscles result 
in inadequate respiratory movements, which cause an increase in respiratory 
infections, such as pneumonia. Insufficient movement of air into and out of the 
lungs due to weak respiratory muscles is a major contributing factor in many 
deaths.

CARDIOVASCULAR
Cardiac muscle is affected by DMD; 
consequently, heart failure occurs in many 
patients with advanced DMD. Cardiac 
involvement becomes serious in as many as 
95% of cases and is one of the leading causes 
of death for DMD patients.

FIGURE 9.29 Interactions Between DMD and Other Organ Systems
DMD affects most systems of the body since muscle tissue is used for many bodily functions.
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Exceptional Art—Always created 
from the student perspective
A picture is worth a thousand words—especially when you’re learning 
anatomy and physiology. Because words alone cannot convey the nu-
ances of anatomy or the intricacies of physiology, Seeley’s Anatomy & 
Physiology employs a dynamic program of full-color illustrations and 
photographs that support and further clarify the textual explanations:

▶ Fundamental figures teamed with special online support, with 
many figures linked to APR

▶ Homeostasis figures draw a correlation from the text 
description of feedback system components to the figure. 

▶ All figures use consistent colors and arrows to represent 
cytoplasm in a cell, symbols for ions, and molecules, etc.

▶ Step-by-step process figures
▶ Atlas-quality cadaver images
▶ Illustrated tables
▶ Photos side-by-side with illustrations
▶ Color saturation of art makes the art more engaging
▶ Macro-to-micro art

Clearly labeled photos of dissected 
human cadavers provide detailed views of 
anatomical structures, capturing the intangible 
characteristics of actual human anatomy that 
can be appreciated only when viewed in human 
specimens.
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FUNDAMENTAL Figure

Lateral view
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Occipitofrontalis
(occipital portion)

Masseter

Sternocleidomastoid

Trapezius

Occipitofrontalis
(frontal portion)

Orbicularis oculi

Levator labii superioris
Zygomaticus minor

Zygomaticus major

Buccinator
Orbicularis oris

Depressor anguli oris

Epicranial (galea)
aponeurosis

(a)

Occipitofrontalis
(frontal portion)

Levator labii superioris

Zygomaticus minor

Zygomaticus major

Depressor anguli oris

Orbicularis oculi

Temporalis

Masseter

Buccinator

Orbicularis oris

Zygomaticus minor 
and major (cut)

(b) Anterior view

FIGURE 10.7 Facial Muscles
Muscles involved in facial expressions are shown in this figure. (Bold terms denote the muscles involved in facial expression.) (b) ©McGraw-Hill Education/
Christine Eckel, photographer 
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TABLE 4.4 Pseudostratified Columnar Epithelium and Transitional Epithelium

(a) Pseudostratified Columnar Epithelium  

Structure: Single layer of cells; 
some cells are tall and thin and 
reach the free surface, and others 
do not; the nuclei of these cells  
are at different levels and appear 
stratified; the cells are almost 
always ciliated and are associated 
with goblet cells that secrete  
mucus onto the free surface

Function: Synthesize and secrete 
mucus onto the free surface; 
move mucus (or fluid) that con-
tains foreign particles over the 
surface of the free surface and 
from passages

Location: Trachea, bronchi of the 
lungs, lining of the nasal cavity, 
nasal sinuses, auditory tubes, 
pharynx

(b) Transitional Epithelium  

Structure: Stratified cells that  
appear cube-shaped when the  
organ or tube is not stretched and 
squamous when the organ or tube  
is stretched by fluid; the number of 
layers also decreases on stretch

Function: Accommodate  
fluctuations in the volume of fluid  
in organs or tubes; protect against  
the caustic effects of urine

Location: Lining of the urinary 
bladder, ureters, superior urethra

Pseudostratified
columnar
epithelial cell

Basement 
membrane

Nucleus

Free surface

Cilia

Goblet cell
containing mucus

Bronchus

Trachea

LM 413x

Ureter

Urinary bladder

Urethra

Basement 
membrane

Nucleus

Free surface

Transitional 
epithelial cell

Tissue not stretched

LM 413x

Tissue stretched

Basement 
membrane

Nucleus

Free surface

Transitional 
epithelial 
cell

LM 413x
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xii

Specialized Figures Clarify Tough Concepts
Studying anatomy and physiology does not have to be an intimidating task mired in  
memorization. Seeley’s Anatomy & Physiology uses two special types of illustrations to 
help students not only learn the steps involved in specific processes, but also to apply 
the knowledge as they predict outcomes in similar situations. Process figures organize 
the key occurrences of physiological processes in an easy-to-follow format. Homeostasis 
figures summarize the mechanisms of homeostasis by diagramming how a given system 
regulates a parameter within a narrow range of values.

Step-by-Step Process 
Figures Process figures break 
down physiological processes 
into a series of smaller steps, 
allowing readers to build their 
understanding by learning each 
important phase. Numbers are 
placed carefully in the illustrations, 
permitting students to zero right  
in to where the action described  
in each step takes place.

Homeostasis figures with in-art  
explanations and organ icons

▶ These specialized flowcharts with succinct 
explanations illustrate the mechanisms that body 
systems employ to maintain homeostasis.

▶ Small icon illustrations depict the organ or struc-
ture being discussed.

▶ All homeostasis figures correlate the text descrip-
tion of feedback components to the figure, and are 
consistent throughout each organ system.

Skin repair is a good example of tissue repair (figure 4.8). The 
basic pattern of repair is the same as for other tissues, especially 
those covered by epithelium. If the edges of the wound are close 
together, as in a surgical incision, the wound heals by a process 
called primary union, or primary intention. If the edges are not 
close together, or if tissue loss has been extensive, the process is 
called secondary union, or secondary intention.

can undergo mitosis and form functional neurons in the adult. 
This has raised hope that damaged areas of the brain may be 
regenerated. Similarly, while fully differentiated skeletal and 
cardiac muscle cells are not able to divide, small populations 
of stable cells in those tissues can replace damaged muscle 
cells. In contrast, smooth muscle cells are considered to be 
stable since they can regenerate following injury.

FUNDAMENTAL Figure

Epidermis

Blood  
vessel

Dermis

Blood 
clot

Neutrophils
migrating to
wound site

Scab

Fibroblasts migrating
to wound site

New epidermis
growing into wound

Freshly healed
epidermis

Epidermis

Subcutaneous
adipose tissue

Granulation tissue being 
replaced with new 
connective tissue

Granulation tissue
(fibroblasts 
proliferating)

New  
epidermis

Scab

     Clot forms: Fresh wound cuts through the epithelium
     (epidermis) and underlying connective tissue (dermis),
     and a clot forms.

     Formation of granulation tissue: Approximately 2 weeks
     after the injury, the epithelium has grown completely into
     the wound, and fibroblasts have formed granulation tissue.

     Formation of connective tissue scar: Approximately 1 month
     after the injury, the wound has completely closed, the scab
     has been sloughed, and the granulation tissue is being
     replaced by new connective tissue.

     Epithelial cells grow into wound: Approximately 1 week after
     the injury, a scab is present, and epithelium (new epidermis)
     is growing into the wound.

Subcutaneous
adipose tissue

3

4

2

1

1

3

2

4

PROCESS FIGURE 4.8 Tissue Repair
In the process that repairs tissue damage, a clot is first formed. Next, new epithelial tissue cells grow into the wound, followed by the formation of granula-
tion tissue. Finally, the granulation tissue is replaced with new connective tissue that forms a scar. 

 What cellular process creates the new epidermis cells in step 2?

134

1027

Effectors:
Fewer H+ are removed from the 
blood, and fewer HCO3

–
  are 

available to bind H+.

Increased blood CO2 reacts with 
water to produce carbonic acid, 
which dissociates to increase H+.

Effectors:

The number of H+ in the blood 
decreases.

Decreased blood CO2 causes H+ to 
react with HCO3

–
 to form carbonic 

acid, which decreases H+ in the blood.

B
lo

od
 p

H
(n

or
m

al
 ra

ng
e)

Receptors and control centers:
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Bu ers bind H+.

Receptors and control centers:
Kidney:
The distal convoluted tubules decrease 
H+  secretion into the urine and 
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blood.

Lungs:
The respiratory control center in the
brain decreases the rate and depth of 
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HOMEOSTASIS DISTURBED:
Blood pH increases (H+ decreases).

HOMEOSTASIS DISTURBED:
Blood pH decreases (H+ increases).

HOMEOSTASIS RESTORED:
Blood pH decreases (H+ increases).

HOMEOSTASIS RESTORED:
Blood pH increases (H+ decreases).

Start here1

2 5

6

Lungs:
The respiratory control center in the 
brain increases the rate and depth of 
respiration, which decreases blood 
CO2.

Kidney:
The distal convoluted tubules increase 
H+ secretion into the urine, and increase 
HCO3

–
 
 reabsorption into the blood.

The number of H+ in the blood increases.

H2O + CO2 H2CO3 H+ 
+ HCO3

–

More H+ are removed from the blood, 
and more HCO3

– are available to 
bind H+.

H2O + CO2 H2CO3 H+ 
+ HCO3

–

H2O + CO2 H2CO3 H+ 
+ HCO3

–

H2O + CO2 H2CO3 H+ 
+ HCO3

–

ResponseStimulus

Stimulus

3 4

Response

HOMEOSTASIS FIGURE 27.12 Summary of Acid-Base Balance Regulation
(1) Blood pH is in the normal range. (2) Blood pH increases outside the normal range, which causes homeostasis to be disturbed. (3) The blood pH control 
centers respond to the change in blood pH. (4) The control centers cause decreased H+ secretion from the blood and increased carbonic acid production, 
which increases blood H+ concentration. (5) These changes cause blood pH to decrease. (6) Blood pH returns to the normal range and homeostasis is 
restored. Observe the responses to a decrease in blood pH outside the normal range by following the red arrows.
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xiii

▶ Microbes In Your Body features discuss the many 
important and sometimes little-known roles of microbes 
and the physiology of homeostasis.

▶ The Clinical Genetics feature has been updated and 
streamlined to provide the newest and most accurate 
information available.

▶ Online clinical study questions are based on clinical 
features within the text including Microbes in Your 
Body and Systems Pathology vignettes, and are cor-
related with Learning Outcomes and HAPS Learning 
Objectives to further develop and measure higher-level 
thinking and application of learned content.

956 PART 4  Regulation and Maintenance

can be difficult. For example, if brisk walking uses 225 kcal/h, it 
takes 20 minutes of brisk walking to burn off the 75 kcal in one 
slice of bread (75/225 = 0.33 h). Research suggests that a combi-
nation of appropriate physical activity and appropriate kilocaloric 
intake is the best way to maintain a healthy body composition and 
weight.

Predict 4
If watching TV uses 95 kcal/h, how long does it take to burn off the 
kilocalories in one cola or beer (see table 25.1)? If jogging at a pace of 
6 mph uses 580 kcal/h, how long does it take to use the kilocalories 
in one cola or beer?

Muscular Activity
Muscular activity consumes about 30% of the body’s energy. There-
fore, physical activity resulting from skeletal muscle movement 
requires the expenditure of energy. In addition, energy is needed for 
the increased contraction of the heart and muscles of respiration. 
The number of kilocalories expended in an activity depends almost 
entirely on the amount and duration of muscular work performed. 
Despite the fact that studying can make a person feel tired, intense 
mental concentration produces little change in BMR.

Energy loss through muscular activity is the only component 
of energy expenditure that a person can reasonably control. Com-
paring the number of kilocalories gained from food with the 
number of kilocalories lost in exercise reveals why losing weight 

quency of any given individual disorder is rare, 
the overall incidence of metabolic disorders is 
estimated to be up to 1 in 1000 births.

Early detection through newborn screening 
is vital. Metabolic disorders can hinder early 
mental and physical development. Depending 
on the disorder, specific treatment can prevent 
or limit harm if it is started early. In the United 
States, most states require the screening of 

Metabolic disorders, sometimes called 
inborn errors of metabolism, are a 
large class of genetic disorders that 

result in biochemical defects. Metabolic dis-
orders affect the body’s ability to break down 
or use nutrients needed for energy, growth, and 
repair. Too little synthesis of certain substances 
or a buildup of toxic compounds can cause 
significant health problems. Although the fre-

Clinical 
GENETICS 25.1

Newborn Screening of Metabolic Disorders

newborns. However, there is no national stan-
dard for newborn screening, so the specific 
disorders for which tests are performed vary 
from state to state. Although over several hun-
dred genetic disorders are known, most are so 
rare that it is not cost- effective to test for them. 

Table 25.5 lists the most common blood 
tests performed for metabolic disorders. All 
of the disorders listed are autosomal recessive.

TABLE 25.5 Metabolic Disorders

Disorder Description Effect Treatment

Phenylketonuria (PKU) Inability to metabolize the amino 
acid phenylalanine (see chapter 29)

Intellectual disability Restrict dietary phenylalanine.

Galactosemia Inability to convert the sugar galac-
tose to glucose, resulting  
in a buildup of galactose

Intellectual disability, growth  
deficiency, cataracts, severe  
infections, death

Eliminate milk and other dairy 
products from the diet.  
Galactose is one of two sugars  
in lactose (milk sugar).

Biotinidase deficiency Inability to separate the vitamin bio-
tin from other chemicals, resulting 
in a biotin deficiency

Seizures, hearing loss, optic  
atrophy, intellectual disability,  
poor muscle control

Take oral biotin supplements.

Maple syrup urine disease Deficiency in an enzyme complex, 
resulting in an inability to  
metabolize the amino acids  
leucine, isoleucine, and valine

Intellectual disability in those  
surviving past 3 months of age

Restrict dietary intake of the  
affected amino acids.

Homocystinuria Defect in methionine metabolism, 
leading to an accumulation of 
homocysteine

Dislocated lenses of the eyes, 
intellectual disability, skeletal 
abnormalities, abnormal  
blood clotting

Take high doses of vitamin B6; 
eat methionine-restricted diet 
supplemented with cysteine.

Tyrosinemia Deficiency in a series of enzymes 
that break down the amino acid 
tyrosine

Mild intellectual disability, lan-
guage skill difficulties, liver and 
kidney failure

Restrict dietary tyrosine and 
phenylalanine.

801CHAPTER 22 Lymphatic System and Immunity

MHC class I/antigen complexes on the surface of cells can 
bind to T-cell receptors on the surface of T cells. This combination 
is a signal that activates T cells. Activated T cells can destroy 
infected cells, which effectively stops viral replication (see “Cell- 
Mediated Immunity,” later in this section). Thus, the MHC class  
I/antigen complex functions as a signal, or “red flag,” that prompts 
the immune system to destroy the displaying cell. In essence, the 
cell is displaying a sign that says, “Kill me!” This process is said to 
be MHC-restricted because both the antigen and the individual 
organism’s own MHC molecule are required.

Predict 3
In mouse A, T cells can respond to virus X. If these T cells are transferred  
to mouse B, which is infected with virus X, will the T cells respond to the 
virus? Explain.

The same process that moves foreign protein fragments to the 
cell’s surface can also inadvertently transport self-protein fragments 
(figure 22.15a). As part of normal protein metabolism, cells continu-
ally break down old proteins and synthesize new ones. Some 

All disease begins in the gut.” This quote 
from Hippocrates (460–377 B.C.), the 
father of Western medicine, is still rele-

vant today. Over the last four decades, increas-
ing numbers of people have suffered from 
allergies and autoimmune disorders. Research-
ers hypothesize that the increase in these con-
ditions stems from inadequate development of 
immune function. In turn, they hypothesize 
that underdeveloped immune function is due to 
deficiencies in our gut microbiota. This has led 
to the Hygiene Hypothesis, which states that 
the increased use of antibiotics and antimicro-
bial chemicals damages the normal gut micro-
biota and other microbiota that are critical for 
immune system development and function.

Could the Hygiene Hypothesis explain 
the observed increases in allergies and auto-
immune disorders? Much of the evidence for 
the importance of gut microbiota for immune 
function is derived from studies with germ-
free mice. These lab-raised mice lack the 
natural microorganisms in their gut and in 
their body. As a result, the mice have multiple 
defects with their lymphatic tissues, such as 
fewer and smaller Peyer patches in the gut and 
fewer B and T lymphocytes. However, if sci-
entists place intestinal or fecal microbiota from 
normal mice into the gut of germ-free mice, 
the immune tissues of the germ-free mice 
begin developing and functioning normally.

The importance of the gut in immune 
development is further supported by the fact 
that it contains the largest concentration of 
lymphatic tissue and microbiota in the human 
body. In the gut there are between 500 and 
1000 species of bacteria compared to a few 
hundred associated with the skin or fewer than 
10 species associated with the conjunctiva of 
the eye. In humans, the gut microbiota begin 
to appear just before birth. As the baby passes 

through the birth canal, more  microorganisms 
are transferred from the mother to the baby. 
The makeup of a baby’s microbiota is influ-
enced by many factors, including genetics, 
the mode of delivery (vaginal or C- section),  
antibiotic use, stress, and the mother’s diet 
during late pregnancy. The first year of life is 
the most critical for the accumulation of gut 
bacteria, but this process continues through 
childhood. At about 10 years of age, a person’s 
gut microbiota are established and remain sim-
ilar in composition throughout life. Humans 
and their gut microbiota have a symbiotic 
relationship, in that the gut provides space 
and nutrients for the microbiota, which in 
turn provide their host with specialized nutri-
tion, physiological regulators, and protection 
against pathogens. Because of these ever-
present microbiota (“good” bacteria), human 
gut epithelial and immune cells must maintain 
tolerance to them yet still protect against 
invading gut pathogens (“bad” bacteria). 

How do our cells distinguish between 
“good” and “bad” bacteria? As it turns out, gut 
microbiota help stimulate the development of 
immune cells by triggering the production of 
different receptors. These receptors are found 
in the plasma membranes of white blood 
cells, such as macrophages and neutrophils, 
as well as in the plasma membranes of intes-
tinal epithelial cells. The surface of all bacte-
rial cells has bacteria-specific molecules that 
can be recognized by the receptors of defense 
cells, which is what allows for distinction 
between “good” and “bad” microorganisms. 
Activation of the receptors triggers a cascade 
of events, which result in immune responses 
such as T-lymphocyte activation and the pro-
duction of immunity chemicals. In addition, 
the “good” bacteria attack invading “bad” 
bacteria by secreting antimicrobial substances 

against them and competing with them for 
nutrients and space. Thus, without appropri-
ate amounts and/or types of gut microbiota, 
the body’s immune system may not have all 
of the messages that are essential for produc-
ing specific immune cells and chemicals that 
kill pathogenic intestinal microorganisms.

Medical professionals are interested in 
manipulating gut microbiota to reduce aller-
gies and other diseases and to promote heal-
ing. First, and perhaps most importantly, is 
to get the desired population of gut micro-
biota started immediately in infancy through 
breastfeeding. Human breast milk contains 
carbohydrates that stimulate the growth of 
specific intestinal microbiota while preventing 
infection by some pathogens. And the use of 
prebiotics (nondigestible carbohydrates that 
promote the growth of healthy microbiota) 
and probiotics (live normal gut microbiota) 
is being actively explored for the treatment of 
problems that arise later in life. However, there 
is still much work to be done before we fully 
understand the extent to which gut microbiota 
are involved in human immune function.

Predict 2
In some underdeveloped countries, children 
are nutritionally deprived. Studies of twins in 
these countries have demonstrated that some-
times one of the twins thrives, whereas the 
other twin is malnourished. In the malnourished 
twin, the gut microbiota population is far less 
diverse and much smaller than that of the thriv-
ing twin. Using what you have learned about 
the role of gut microbiota in immune function, 
predict a possible developmental repercussion 
in the malnourished twin. Propose some pos-
sible solutions that might result in both twins 
having a normal gut microbe population.

MICROBES
In Your Body 22.1 Do Our Gut Bacteria Drive Immune Development and Function?

“
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xvi

Global Changes
 ■ Each Process Figure now includes a question following the 

figure legend to help students think about and apply the 
knowledge into everyday context. The answers to these Pro-
cess Figure questions are found in Appendix D, which is new 
to the Twelfth Edition.

 ■ Figure legends were updated throughout the text to be more 
descriptive of the figure content.

 ■ Answers to even-numbered Predict questions can now be 
accessed by instructors in Connect, allowing instructors to as-
sign these questions if desired. Answers to odd-numbered 
Predict questions appear in Appendix E.

 ■ Answers to even-numbered Critical Thinking questions can 
now be accessed by instructors in Connect, allowing these 
questions to be assigned if desired. Answers to odd-numbered 
Critical Thinking questions appear in Appendix F.

 ■ Appendix C: Genetic Code is new to the Twelfth Edition.

Chapter 1
 ■ New chapter opening photo; revised figures 1.2, 1.3, 1.8, 1.10, 

1.14, and 1.16
 ■ Body cavities section has been reorganized into dorsal and 

ventral.

Chapter 2
 ■ Figure 2.15 is revised to show conjugate acid and base forms 

of buffer.
 ■ Figure 2.14 is recast as a graph to clarify the concept of pH 

and how it correlates to hydrogen ion concentration, and 
show the correlation of pH with hydrogen ion concentration 
in both decimal and scientific notation formats.

 ■ A new Case Study is included on cyanide poisoning from 
house fires, from a firefighter’s perspective.

 ■ New Clinical Impact on clinical uses of atomic particles, which 
includes CT and MRI figures

 ■ Incorporation of planetary models into atomic representations 
in figures 2.2 and 2.5, and clearer representation of partial 
charges on water molecules (figures 2.7 and 2.8, table 2.4)

 ■ Revision of electronegativity text and figure 2.4 to better de-
scribe covalent bonds

 ■ Includes an expanded definition of hydrophilic and hydropho-
bic properties of molecules in the water section

 ■ Clarification that H bonds are important for both adhesion 
and cohesion—important for both intramolecular bonds and 
intermolecular bonds

Chapter 3
 ■ Section 3.2 How We See Cells has been revised to provide 

more thorough coverage of electron microscopy.
 ■ Process figures now have questions to probe further under-

standing of concepts.

Chapter 4
 ■ Clarification of the distinct cell surfaces of epithelial cells
 ■ Clarified that stereocilia are specialized microvilli, not cilia
 ■ Revised figure 4.4 to add illustrative example of location of 

the three types of exocrine glands in the skin
 ■ Reorganized the cells of connective tissue to emphasize the 

category of framework of connective tissue cells
 ■ Added image of platelets to the blood micrograph in table 4.12
 ■ Simplified proteoglycan aggregate in figure 4.5
 ■ Rewrote tissue damage and inflammation section to clarify 

how inflammation helps the healing process; simplified orga-
nization of the inflammatory response into three steps

 ■ Clarified and expanded discussion on the regeneration abili-
ties of labile, stable, and permanent cells, and the potential of 
stem cell therapy for tissue regeneration and replacement

 ■ Rewrote the tissue repair section to simplify organization of 
repair into four steps

Chapter 5
 ■ Added a description of alopecia areata
 ■ Description of fourth-degree burns added

Chapter 6
 ■ New opening photo; revised figures 6.11, 6.13, and 6.14
 ■ Chapter opening Learning to Predict box now covers Paget 

disease
 ■ Coverage of bone shapes is moved to chapter 7.
 ■ Revised table 6.2 Comparison of Intramembranous and En-

dochondral Ossification
 ■ Added section on bone fracture classification, with table 

showing x-rays of fracture type
 ■ Section 6.9 is rewritten.

Chapter 7
 ■ The discussion on bone shapes is inserted into section 7.1 

Skeletal Anatomy Overview

Chapter-by-Chapter Changes
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xviiChapter-by-Chapter Changes

Chapter 12
 ■ Added overview of meninges
 ■ New introduction to reflexes, and revised description of the 

stretch reflex
 ■ Clinical Impact on Spinal Cord Injury condensed and updated 

to include computer-controlled electrical stimulation
 ■ Moved coverage of the “funny bone” from a Clinical Impact 

box to chapter text
 ■ Revised figures 12.3 and 12.4 to use dorsal and ventral labels 

for spinal cord horns
 ■ Clarified nerves to and from the brain in figure 12.6, including 

a description of the gamma motor neuron
 ■ Included spinal stenosis in Representative Diseases and Dis-

orders table

Chapter 13
 ■ Revised chapter opener to note the myth that humans use 

only 10% of their brains is false 
 ■ Section 13.3 Cerebellum is reorganized.
 ■ Clinical Impact 13.1 Traumatic Brain Injuries has been updated 

to focus on clinical consequences.
 ■ Case Study 13.1 has been revised to focus on Subdural Hema-

toma.
 ■ Revised table 13.1 to include structural regions of cerebrum
 ■ Revised Limbic System section to clarify it is a major contributor 

to motivation, emotion, learning, and memory, and influences 
the endocrine and autonomic nervous systems

 ■ Revised figure 13.7 to add arcuate nucleus, showing hypotha-
lamic nuclei

 ■ Simplified table 13.3 by removing hypothalamic nuclei; select 
examples added to text

 ■ Expanded coverage of the role of the hypothalamus in setting 
the biological clock

 ■ Role of habenula updated to emphasize its role in motivation 
and reward behavior

Chapter 14
 ■ Chapter opener revised to emphasize the brain as a challeng-

ing and exciting area for further study
 ■ Clinical Impact box on pain revised into Pain Pathways sec-

tion within chapter text; Clinical Impact 14.1 covers phantom 
pain

 ■ Responses of Sensory Receptors section revised to clarify 
roles of tonic and phasic receptors for multiple sensory re-
ceptors

 ■ Revised table 14.1 to include all the proprioception receptors
 ■ Added photos of healthy brain compared to brain of Alzheimer 

patient in Clinical Genetics 14.1
 ■ Figure 14.24 on long-term potentiation mechanism has been 

simplified.

Chapter 15
 ■ Reduced level of detail in text and in figure 15.6 on olfactory 

receptor types
 ■ Content from Clinical Impact: Visual Acuity box has been in-

corporated into regular text.

 ■ Removed the terms neurocranium, viscerocranium, and brain
case

 ■ Revised table 7.2 to include examples of bone features
 ■ Section 7.2 is reorganized by bone, from cranial bones to fa-

cial bones.
 ■ Vertebral Column section now has subheadings for vertebra 

type/region.
 ■ The term rib cage is now thoracic cage.
 ■ Appendicular Skeleton section now has bone names added 

to subheadings.

Chapter 8
 ■ Table 8.1 has been divided into two separate tables on Fibrous 

Joints (table 8.1) and Cartilaginous Joints (table 8.2), with 
illustrated examples of each class of joint. Includes the defin-
ing feature of cartilaginous joints in the table.

 ■ Redesigned figure 8.8 on synovial joints into a table to 
match the organization of fibrous and cartilaginous joints 
tables; the tables include examples and the degree of axial 
movement.

 ■ Expanded description of functional classification of joints
 ■ Revised several Assess Your Progress questions
 ■ Clarified costrochondral joint description
 ■ Revised definitions of articular disk and meniscus
 ■ Clarification of pronation and supination and other move-

ments of the elbow joint
 ■ Added emphasis on factors that dictate range of motion
 ■ Reorganized tables to list major ligaments first
 ■ Revised Clinical Impact to focus on only knee ligament injuries
 ■ New Case Study on ankle injury to a soccer player
 ■ Removed Clinical Impacts on joint replacement and gingivitis, 

with incorporation of key points into text body
 ■ Addition of chondromalacia of the knee to the Representative 

Diseases and Disorders table

Chapter 9
 ■ Clarified that myoblasts are uninucleate
 ■ Section 9.3 reorganized
 ■ The term myokinase is replaced with adenylate cyclase.
 ■ New figure 9.23 on production of ATP in skeletal muscle
 ■ The term recovery oxygen consumption is replaced with  

excess postexercise consumption.

Chapter 10
 ■ Revised figures 10.2 and 10.19; combined figures 10.31 and 

10.32
 ■ Added cadaver photos to figures 10.17 and 10.29
 ■ The term pelvic diaphragm replaces floor.

Chapter 11
 ■ Section 11.2 is reorganized.
 ■ New table 11.1; new figure 11.2; revised figure 11.8
 ■ Table 11.2 (formerly table 11.1) added composite drawing of 

glial cells
 ■ Changing the Resting Membrane Potential section is reorga-

nized by depolarization vs. hyperpolarization.
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xviii Chapter-by-Chapter Changes

 ■ Organized physiology discussion into respiration versus gas 
transport, with a separate section on metabolic factors affect-
ing gas transport

Chapter 24
 ■ Reorganized and consolidated structures and functions of the 

digestive tract (in text and in table 14.1)
 ■ Clarification of the definition of tooth crown as the anatomical 

crown in text and in figure 24.8
 ■ Reorganization of saliva constituents and functions
 ■ Expansion of description of lingual lipase and gastric lipase 

functions, including their relative importance in neonates
 ■ Simplification of segmental contractions process in figure 24.3, 

which allows easier comparison with peristalsis steps
 ■ New information added to table 24.2, including large intes-

tine secretions
 ■ Revised presentation of stomach anatomy, histology, and 

secretions
 ■ Inclusion of gastric lipase in the Secretions of the Stomach 

section
 ■ Reorganization of the Secretions of the Small Intestine and 

Motility in the Small Intestine sections
 ■ Revised figures 24.20, 24.21, 24.23, and 24.24 to simplify the 

arrow paths
 ■ Eliminated three Clinical Impact boxes
 ■ Revised Pancreatic Secretions and Regulation of Pancreatic 

Secretion sections
 ■ Emphasize that pancreatic lipase is the major carbohydrate 

digestive enzyme, but that the brush border disaccharidases 
are required before sugars can be absorbed

 ■ Addition of cholesterol lipase and its role in digesting dietary 
cholesteryl esters

 ■ Added that lack of intrinsic factor can also lead to peripheral 
neuropathy

 ■ Content from Clinical Impact: Rehydration has been moved 
into the main text.

Chapter 25
 ■ New USDA food label presented in figure 25.2
 ■ Updated description of cellular respiration to use the terms 

pyruvate and lactate
 ■ Use of aerobic glycolysis has been updated to aerobic res

piration.
 ■ Updated ATP estimate from glucose metabolism to more cur-

rent number of 32

Chapter 26
 ■ Altered figure 26.1 to more accurately reflect the anatomical 

position of the kidneys
 ■ Reorganized section 26.1 to more clearly state kidney function 

early
 ■ Reorganized The Renal Corpuscle in section 26.2
 ■ Numbered equations for logical flow of information
 ■ Reorganized section on Regulation of Glomerular Filtration 

Rate for sequential presentation
 ■ Reorganized section on Reabsorption in the Proximal Convo-

luted Tubule for clarity

Chapter 16
 ■ Modified entry for urinary wall in table 16.3 to note that sym-

pathetic affect is relaxation; receptor type is β3

Chapter 17
 ■ Sections on Characteristics of the Endocrine System and 

Comparison of the Nervous and Endocrine Systems are 
moved to precede the section on Classes of Chemical Mes-
sengers

Chapter 18
 ■ Clarified that prolactin-releasing hormone’s identity is not 

known
 ■ Changed the term Caucasian to white.
 ■ Case Study 18.1 Negative Feedback and Hypothyroidism is 

moved from Chapter 17 to this chapter.

Chapter 19
 ■ Added a new column for Average Abundance for each of the 

formed elements in table 19.2
 ■ Revised figure 19.7 Hemoglobin Breakdown
 ■ Removed Factor VI from table 19.3 (the information is now a 

footnote at the bottom of the table)
 ■ Deleted figure 19.12

Chapter 20
 ■ Pericarditis and Cardiac Tamponade box has moved to chapter 1.
 ■ Content from Clinical Impact: Alterations in the Electrocardio-

gram is now incorporated into the text.
 ■ Table 20.2 Summary of the Events of the Cardiac Cycle is 

deleted.

Chapter 21
 ■ Section 21.2 is reorganized to place the Structure of Blood 

Vessels and Types of Arteries sections before Capillaries.
 ■ Content from Trauma and the Aorta Clinical Impact box is in-

corporated into regular text.
 ■ Table 21.14 Blood Pressure Classification in Adults is updated 

with 2017 recommendations.

Chapter 22
 ■ The summary table is now divided into two tables—one for 

innate immunity and one for adaptive immunity.
 ■ Clarified the difference between plasma cells and memory 

B cells
 ■ Updated discussion of monoclonal antibody use in immuno-

therapy

Chapter 23
 ■ Complete chapter reorganization and rewrite for more coher-

ent flow of information
 ■ Combined discussion of ventilation and gas laws
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xixChapter-by-Chapter Changes

 ■ Revised the description of sexual karyotype for clarity
 ■ Updated the description of progesterone release from the 

corpus luteum
 ■ Added new recommendations for HPV vaccination for males 

in Microbes in Your Body box
 ■ Revised the Puberty in Females section to provide additional 

information
 ■ Revised the description of the length of the menstrual cycle 

to clarify the use of “average” duration of the cycle
 ■ Revised the description of the ovarian cycle in section 28.6 

Physiology of Female Reproduction
 ■ Revised table 28.2 to include the ovarian cycle
 ■ Clinical Impact Birth Control Methods greatly revised for cur-

rency and accuracy

Chapter 29
 ■ Updated Clinical Impact 29.1 Stem Cell Research
 ■ Revised description of hormones associated with lactation to 

include dopamine
 ■ Revised the description of the development of the urinary 

system for clarity

 ■ Updated Urine Concentration Mechanism with a discussion 
of the two parts of the countercurrent mechanism: counter-
current exchanger and countercurrent multiplier

 ■ Revised Hormonal Mechanisms section for clarity
 ■ Added homeostasis figure 26.20 on regulation of blood volume

Chapter 27
 ■ Revised chapter introduction
 ■ Converted 11/e introduction into a Clinical Impact box on wa-

ter intoxication
 ■ Added a new figure on review of osmotic pressure and osmosis
 ■ Revised Regulation of Extracellular Fluid Osmolality section 

for clarity
 ■ Added discussion of hypokalemia to section on Regulation of 

Potassium Ions section
 ■ Reorganized section on Mechanisms of Acid-Base Balance 

Regulation for clarity
 ■ Added some clinical correlations to discussion of Acidosis 

and Alkalosis, especially diabetic ketoacidosis

Chapter 28
 ■ Updated terminology to use female and male throughout
 ■ Included new Clinical Impact on Gender and Sex
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Learn to Predict

1

Just as the dancer in the photo works to balance his body’s position, homeostasis works to balance the body’s 
internal environment. ©Elnur/Shutterstock

1

Module 1  
Body Orientation

The Human Organism

W hat lies ahead is an astounding adventure—learning about the structure and 
function of the human body and the intricate checks and balances that reg-
ulate it. Renzo’s (the dancer featured in this chapter’s “Learn to Predict”) 

blood sugar disorder is a good example of how important this system of checks and 
balances is in the body. Perhaps you have had the experience of oversleeping, rushing 
to your 8 a.m. class, and missing breakfast. Afterwards, on the way to Anatomy &  
Physiology class, you bought an energy bar from the vending machine. Eating the 
energy bar helped you feel better. The explanation for these experiences is the process 
of homeostasis, the maintenance of a relatively constant internal environment, despite 
fluctuations in the external environment. For you, homeostasis was maintained, but for 
Renzo, there was a disruption in homeostasis. Throughout this book, the major under-
lying theme is homeostasis. As you think about Renzo’s case, you will come to realize 
just how capable the human body is of an incredible coordination of thousands upon 
thousands of processes. Knowing human anatomy and physiology is also the basis for 
understanding disease. The study of human anatomy and physiology is important for 
students who plan a career in the health sciences because health professionals need a 
sound knowledge of structure and function in order to perform their duties. In addition, 
understanding anatomy and physiology prepares all of us to evaluate recommended 
treatments, critically review advertisements and reports in the popular literature, and 
rationally discuss the human body with health professionals and nonprofessionals.

Learn to Predict
Renzo, the dancer in the photo, is per-
fectly balanced, yet a slight movement in 
any direction would cause him to adjust 
his position. The human body adjusts 
its balance among all its parts through a 
process called homeostasis.

Let’s imagine that Renzo is unknow-
ingly suffering from a blood sugar dis-
order. Normally, tiny collections of cells 
embedded in the pancreas increase 
blood sugar by secreting the chemical 
insulin. Insulin increases the movement 
of sugar from the blood into his cells. 
However, Renzo has been losing a lot of 
weight, despite eating the same amount 
of food as always. He noticed that he’s 
been fatigued, very thirsty, and urinat-
ing more than normal. Renzo went to 
see his doctor, who ordered some tests, 
including a blood glucose challenge. The 
results showed Renzo’s blood sugar was 
higher than normal. After trying several 
treatments such as diet and prescription 
oral medication with little effect, Renzo 
was outfitted with an insulin pump. 
Now, his blood sugar levels are more 
consistent.

Develop an explanation for Renzo’s 
blood sugar levels before and after his 
visit to the doctor.
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2 PART 1  Organization of the Human Body

1.1 Anatomy and Physiology

LEARNING OUTCOMES

After reading this section, you should be able to

A. Define anatomy and describe the levels at which 
anatomy can be studied.

B. Define physiology and describe the levels at which 
physiology can be studied.

C. Explain the importance of the relationship between 
structure and function.

Anatomy is the scientific discipline that investigates the body’s 
structures—for example, the shape and size of bones. The word 
anatomy means to dissect or cut apart and separate the parts of 
the body for study. In addition, anatomy examines the relationship 
between the structure of a body part and its function. Thus, the fact 
that bone cells are surrounded by a hard, mineralized substance 
enables the bones to provide strength and support. Understanding the 
relationship between structure and function makes it easier to under-
stand and appreciate anatomy. Anatomy can be studied at different 
levels. Developmental anatomy studies the structural changes that 
occur between conception and adulthood. Embryology (em-brē-
ol′ō-jē), a subspecialty of developmental anatomy, considers changes 
from conception to the end of the eighth week of development.

Some structures, such as cells, are so small that they must 
be studied using a microscope. Cytology (sī-tol′ō-jē; cyto, cell) 
examines the structural features of cells, and histology (his-
tol′ō-jē; hist, tissue) examines tissues, which are composed of 
cells and the materials surrounding them.

Gross anatomy, the study of structures that can be examined 
without the aid of a microscope, can be approached either systemi-
cally or regionally. A system is a group of structures that have one 
or more common functions, such as the cardiovascular, nervous, 
respiratory, skeletal, or muscular systems. In systemic anatomy, 
the body is studied system by system. In regional anatomy, the 
body is studied area by area. Within each region, such as the head, 
abdomen, or arm, all systems are studied simultaneously. The 
regional approach is taken in most graduate programs at medical 
and dental schools. The systemic approach is used in this and most 
other introductory textbooks. 

Surface anatomy involves looking at the exterior of the 
body to visualize structures deeper inside the body. For example, 
the sternum (breastbone) and parts of the ribs can be seen and 
palpated (felt) on the front of the chest. Health professionals use 
these structures as anatomical landmarks to identify regions of the 
heart and points on the chest where certain heart sounds can best 
be heard. Anatomical imaging uses radiographs (x-rays), ultra-
sound, magnetic resonance imaging (MRI), and other technologies 
to create pictures of internal structures (table 1.1). Anatomical 
imaging has revolutionized medical science. Anatomical imaging 
allows medical personnel to look inside the body with amazing 
accuracy and without the trauma and risk of exploratory surgery. 
Although most of the technology used in anatomical imaging is 
very new, the concept and earliest technology are quite old. In 
1895, Wilhelm Roentgen (1845–1923) became the first medical 

scientist to use x-rays to see inside the body. The rays were called 
x-rays because no one knew what they were. Whenever the human 
body is exposed to x-rays, ultrasound, electromagnetic fields, or 
radioactively labeled substances, a potential risk exists. This risk 
must be weighed against the medical benefit. Numerous studies 
have been conducted and are still being done to determine the 
effects of diagnostic and therapeutic exposure to x-rays. The risk 
of anatomical imaging is minimized by using the lowest possible 
doses providing the necessary information. No known risks exist 
from ultrasound or electromagnetic fields at the levels used for 
diagnosis. Both surface anatomy and anatomical imaging provide 
important information for diagnosing disease. 

However, no two humans are structurally identical. Ana-
tomical anomalies are physical characteristics that differ from the 
normal pattern. Anatomical anomalies can vary in severity from 
relatively harmless to life-threatening. For example, each kidney 
is normally supplied by one blood vessel, but in some individuals 
a kidney is supplied by two blood vessels. Either way, the kidney 
receives adequate blood. On the other hand, in the condition 
called “blue baby” syndrome, certain blood vessels arising from 
an infant’s heart are not attached in their correct locations; blood 
is not effectively pumped to the lungs, and so the tissues do not 
receive adequate oxygen.

Physiology is the scientific investigation of the processes or 
functions of living things. The major goals when studying human 
physiology are to understand and predict the body’s responses to 
stimuli and to understand how the body maintains conditions within 
a narrow range of values in a constantly changing environment.

Like anatomy, physiology can be considered at many levels. 
Cell physiology examines the processes occurring in cells such as 
energy production from food, and systemic physiology considers 
the functions of organ systems. Types of systemic physiology are 
cardiovascular physiology, which focuses on the heart and blood 
vessels, and neurophysiology, which focuses on the function of 
the nervous system. Physiology often examines systems rather 
than regions because a particular function can involve portions of a 
system in more than one region.

Studies of the human body must encompass both anatomy 
and physiology because structures, functions, and processes are 
interwoven. Pathology (pa-thol′ō-jē) is the medical science deal-
ing with all aspects of disease, with an emphasis on the cause and 
development of abnormal conditions, as well as the structural and 
functional changes resulting from disease. Exercise physiology 
focuses on the changes in function and structure caused by exercise.

ASSESS YOUR PROGRESS

Answers to these questions are found in the section you have just completed. 
Re-read the section if you need help in answering these questions.

1. How does the study of anatomy differ from the study of 
physiology?

2. What is studied in gross anatomy? In surface anatomy?

3. What type of physiology is employed when studying the 
endocrine system?

4. Why are anatomy and physiology normally studied 
together?
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3CHAPTER 1 The Human Organism

TABLE 1.1 Anatomical Imaging

Imaging Technique Image Clinical Examples

X-ray This extremely shortwave electromagnetic radiation (see chapter 2) moves 
through the body, exposing a photographic plate to form a radiograph (rā′dē-
ō-graf). Bones and radiopaque dyes absorb the rays and create underexposed 
areas that appear white on the photographic film. A major  limitation of radio-
graphs is that they give only flat, two-dimensional (2-D) images.

Ultrasound Ultrasound, the second-oldest imaging technique, was first developed in the 
early 1950s from World War II sonar technology. It uses high-frequency sound 
waves, which are emitted from a transmitter-receiver placed on the skin over 
the area to be scanned. The sound waves strike internal organs and bounce 
back to the receiver on the skin. Even though the basic technology is fairly old, 
the most important advances in this field occurred only after it became pos-
sible to analyze the reflected sound waves by a computer. The computer ana-
lyzes the pattern of reflected sound waves and transfers the information to a 
monitor to be visualized as a sonogram (son′ō-gram) image. One of the more 
recent advances in ultrasound technology is the ability of more advanced 
computers to analyze changes in position through “real-time” movements. 
Among other medical applications, ultrasound is commonly used to evaluate 
the condition of the fetus during pregnancy.

Computed  
Tomography (CT)

   
(a) (b)

Computed tomographic (tō′mō-graf′ik) (CT) scans, developed in 1972 and 
originally called computerized axial tomographic (CAT) scans, are computer-
analyzed x-ray images. A low-intensity x-ray tube is rotated through a 
360-degree arc around the patient, and the images are fed into a computer. 
The computer then constructs the image of a “slice” through the body at the 
point where the x-ray beam was focused and rotated (a). Some computers are 
able to take several scans short distances apart and stack the slices to pro-
duce a 3-D image of a body part (b).

Digital Subtraction 
Angiography (DSA)

Digital subtraction angiography (an-jē-og′ră-fē) (DSA) is one step beyond 
CT scanning. A 3-D radiographic image of an organ, such as the brain, is made 
and stored in a computer. Then a radiopaque dye is injected into the blood, 
and a second radiographic computer image is made. The first image  
is  subtracted from the second one, greatly enhancing the differences revealed 
by the injected dye. These dynamic computer images are the most common 
way angioplasty is performed. Angioplasty uses a tiny balloon to unclog  
an artery.

Magnetic Resonance 
Imaging (MRI)

Magnetic resonance imaging (MRI) directs radio waves at a person lying 
inside a large electromagnetic field. The magnetic field causes the protons of 
various atoms to align (see chapter 2). Because of the large amount of water 
in the body, the alignment of hydrogen atom protons is most important in this 
imaging system. Radio waves of certain frequencies, which change the align-
ment of the hydrogen atoms, then are directed at the patient. When the radio 
waves are turned off, the hydrogen atoms realign in accordance with the mag-
netic field. The time it takes the hydrogen atoms to realign is different for vari-
ous body tissues. These differences can be analyzed by computer to produce 
very clear sections through the body. An MRI is more effective at detecting 
some forms of cancer than a CT scan.

Positron Emission 
Tomography (PET)

Positron emission tomographic (PET) scans can identify the metabolic states 
of various tissues. This technique is particularly useful in analyzing the brain. 
When cells are active, they are using energy. The energy they need is supplied 
by the breakdown of glucose (blood sugar). If radioactively treated (“labeled”) 
glucose is given to a patient, the active cells take up the labeled glucose. As 
the radioactivity in the glucose decays, positively charged subatomic particles 
called positrons are emitted. When the positrons collide with electrons, the two 
particles annihilate each other and gamma rays are given off. The gamma rays 
can be detected, pinpointing the cells that are metabolically active.
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1.2  Structural and Functional  
Organization of the Human Body

LEARNING OUTCOMES

After reading this section, you should be able to
A. Name the six levels of organization of the body and 

describe the major characteristics of each level.
B. List the 11 organ systems, identify their components,  

and describe the major functions of each system.

The body can be studied at six levels of organization: chemi-
cal, cell, tissue, organ, organ system, and whole organism 
(figure 1.1).

1. Chemical level. The structural and functional characteristics 
of all organisms are determined by their chemical makeup. 
The chemical level of organization involves how atoms, such 
as hydrogen and carbon, interact and combine into molecules. 
This is important because a molecule’s structure determines its 
function. For example, collagen molecules are strong ropelike 
protein fibers that give skin structural strength and flexibility. 
With old age, the structure of collagen changes, and the skin 
becomes fragile and more easily torn during everyday activi-
ties. We present a brief overview of chemistry in chapter 2.

2. Cell level. Cells are the basic structural and functional units of all 
living organisms. Cells contain smaller structures inside called 
organelles (or′gă-nelz; little organs). Organelles carry out par-
ticular functions, such as digestion and movement, for the cell. 
For example, the nucleus is an organelle that contains the cell’s 

FUNDAMENTAL Figure

    Chemical level. Atoms
(colored balls) combine
to form molecules.

    Cell level. Molecules
form organelles, such as
the nucleus and mitochondria,
which make up cells.

    Tissue level. Similar cells
and surrounding materials
make up tissues.

    Organ level. Di�erent
tissues combine to form
organs, such as the
urinary bladder.

    Organ system level.
Organs, such as the
urinary bladder and
kidneys, make up an 
organ system.

    Organism level. Organ
systems make up an
organism.

Kidney

Ureter

Urinary bladder
Urethra

Urinary system

Urinary
bladder

Smooth
muscle
tissue

Smooth muscle cell

Nucleus
Molecule

(DNA)

Atoms

Epithelium

Connective tissue

Connective tissue

Smooth muscle tissue

Organism

Wall of urinary bladder

1

1

2

3

4

5

6

2

3

4

5

6

Mitochondria

PROCESS FIGURE 1.1 Levels of Organization for the Human Body
The simplest level of organization in the human body is the atom. Atoms combine to form molecules. Molecules aggregate into cells. Cells form tissues, 
which combine with other tissues to form organs. Organs work in groups called organ systems. All organ systems work together to form an organism.  
©BJI/Blue Jean Images/Getty Images

 Why is the skin considered an organ? What characterizes the integumentary system as an organ system?
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5CHAPTER 1 The Human Organism

hereditary information, and mitochondria are organelles that man-
ufacture adenosine triphosphate (ATP), a molecule cells use for 
energy. Although cell types differ in their structure and function, 
they have many characteristics in common. Knowledge of these 
characteristics, as well as their variations, is essential to under-
standing anatomy and physiology. We discuss the cell in chapter 3.

3. Tissue level. A tissue is composed of a group of similar cells 
and the materials surrounding them. The characteristics of 
the cells and surrounding materials determine the functions 
of the tissue. The body is made up of four basic tissue types: 
(1) epithelial, (2) connective, (3) muscle, and (4) nervous. We 
discuss tissues in chapter 4.

4. Organ level. An organ is composed of two or more tissue 
types that perform one or more common functions. Examples 
of organs include: the urinary bladder, heart, stomach, and 
lung (figure 1.2).

5. Organ system level. An organ system is a group of organs 
that together perform a common function or set of functions 
and are therefore viewed as a unit. For example, the uri-
nary system consists of the kidneys, ureter, urinary bladder, 
and urethra. The kidneys produce urine, which the ureters 
transport to the urinary bladder, where it is stored until being 
eliminated from the body through the urethra. In this text, we 
consider 11 major organ systems: (1) integumentary, (2) skeletal, 
(3) muscular, (4) nervous, (5) endocrine, (6) cardiovascular, 
(7) lymphatic, (8) respiratory, (9) digestive, (10) urinary, and 

(11) reproductive. Figure 1.3 presents a brief summary of 
these organ systems and their functions. Throughout this 
text, Systems Pathology essays consider interactions of the 
organ systems.

6. Organism level. An organism is any living thing considered 
as a whole—whether composed of one cell, such as a bac-
terium, or of trillions of cells, such as a human. The human 
organism is a network of organ systems, all mutually depen-
dent on one another.

Predict 2
In one type of diabetes, the pancreas fails to produce insulin, a chemical 
normally made by pancreatic cells and released into the blood. List as 
many levels of organization as you can at which this disorder could be 
corrected.

ASSESS YOUR PROGRESS

5. From simplest to complex, list and define the body’s six 
levels of organization.

6. What are the four basic types of tissues?

7. Referring to figure 1.3, which two organ systems are 
responsible for regulating the other organ systems? Which 
two are responsible for support and movement?

Did you know that you have more 
 microbial cells than human cells in 
your body? Astoundingly, for every cell 

in your body, there is one microbial cell. That’s 
as many as 40 trillion microbial cells, which can 
collectively account for between 2 and 6 pounds 
of your body weight! A microbe is any life 
form that can only be seen with a microscope 
(for example, bacteria, fungi, and protozoa). 
The total population of microbial cells on the 
human body is referred to as the microbiota, 
while the collection of all the microbial cell 
genes is known as the microbiome. The micro-
biota includes so-called good bacteria, which do 
not cause disease and may even help us. It also 
includes pathogenic, or “bad,” bacteria.

With that many microbes in and on our bod-
ies, you might wonder how they affect our health. 
To answer that question, the National Institutes of 
Health (NIH) initiated the Human Microbiome 
Project. Five significant regions of the human 
body were examined: the airway, skin, mouth, 
gastrointestinal tract, and vagina. This project 
identified over 5000 species and sequenced over 
20 million unique microbial genes. 

What did scientists learn from the Human 
Microbiome Project? Human health is depen-
dent upon the health of our microbiota, espe-
cially the “good” bacteria. More specifically, 
the human microbiome is intimately involved 
in the development and maintenance of the 
immune system. And more evidence is mount-
ing for a correlation between a host’s micro-
biota, digestion, and metabolism. Researchers 
have suggested that microbial genes are more 
responsible for our survival than human genes. 
There are even a few consistent pathogens that 
are present without causing disease, suggest-
ing that their presence may be good for us. 
However, there does not seem to be a universal 
healthy human microbiome. Rather, the human 
microbiome varies across lifespan, ethnicity, 
nationality, culture, and geographic location. 
Instead of being a detriment, this variation may 
actually be very useful for predicting disease. 
There seems to be a correlation between auto-
immune and inflammatory diseases (Crohn’s 
disease, asthma, multiple sclerosis), which have 
become more prevalent, and a “characteristic 
microbiome community.” Early research seems 

to indicate that any significant change in the 
profile of the microbiome of the human gut may 
increase a person’s susceptibility to auto immune 
diseases. It has been proposed that these changes 
may be associated with exposure to antibiotics, 
particularly in infancy. Fortunately, newer stud-
ies of microbial transplantations have shown that 
the protective and other functions of bacteria 
can be transferred from one person to the next. 
However, this work is all very new, and much 
research remains to be done.

Throughout this text, we will highlight 
specific instances in which our microbes 
influence our body systems. In light of the 
importance of our bodies’ bacteria and other 
microbes, the prevalence of antibacterial soap 
and hand gel usage in everyday life may be 
something to think about.

Predict 1
Predict some possible consequences of high-
dose, intravenous (IV) antibiotic administration 
on the homeostasis of a person’s digestive 
function.

MICROBES
In Your Body 1.1 Getting to Know Your Bacteria
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6 PART 1  Organization of the Human Body

1.3 Characteristics of Life

LEARNING OUTCOME

After reading this section, you should be able to

A. List and define the six characteristics of life.

Humans are organisms, sharing characteristics with other organ-
isms. The most important common feature of all organisms is life. 
This text recognizes six essential characteristics of life:

 1. Organization refers to the specific interrelationships among 
the parts of an organism and how those parts interact to per-
form specific functions. Living things are highly organized. 
All organisms are composed of one or more cells. In turn, 
cellular function depends on the precise organization of large 
molecules. Disruption of this organized state can result in loss 
of functions, or even death.

 2. Metabolism (mĕ-tab′ō-lizm) is the ability to use energy and to 
perform vital functions. Metabolism refers to all of the chemical 

reactions taking place in the cells and internal environment of 
an organism. Organisms possess specialized proteins that break 
down food molecules. The organism then uses the nutrients from 
the food as a source of energy and raw materials to synthesize 
new molecules. Energy is also used to rearrange the shape of 
molecules. The shape of a molecule determines its function. 
Some changes in molecular shape can allow certain cells to 
change shape. For example, specialized white blood cells can 
surround and engulf potentially dangerous foreign invaders, 
such as certain bacteria. Metabolism is necessary for other vital 
functions, such as responsiveness, growth, development, and 
reproduction.

 3. Responsiveness is an organism’s ability to sense changes in its 
external or internal environment and adjust to those changes. 
Responses include actions such as moving toward food or water 
and moving away from danger or poor environmental condi-
tions. Organisms can also make adjustments that maintain their 
internal environment. For example, if the external environment 
causes the body temperature to rise, sweat glands produce sweat, 
which can lower body temperature down to the normal range.

FIGURE 1.2 Major Organs of the Body
The body’s major organs include the brain, lungs, heart, liver, pancreas, spleen, stomach, gallbladder, kidneys, large intestine, small intestine, urinary  
bladder, and urethra. 

Small intestine

Kidney
(behind stomach)

Stomach

Spleen
(behind stomach)

Brain

Spinal cord

Lung

Heart

Liver

Kidney
(behind intestine)

Pancreas (behind 
stomach)

Gallbladder

Large
intestine

Urinary
bladder
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7CHAPTER 1 The Human Organism

 4. Growth refers to an increase in the size or number of cells, which 
produces an overall enlargement of all or part of an organism. For 
example, a muscle enlarged by exercise is composed of larger 
muscle cells than those of an untrained muscle, and the skin of 

an adult has more cells than the skin of an infant. An increase in 
the materials surrounding cells can also contribute to growth. For 
instance, bone grows because of an increase in cell number and 
the deposition of mineralized materials around the cells.

FIGURE 1.3 Organ Systems of the Body
There are 11 body systems: integumentary, skeletal, muscular, lymphatic, respiratory, digestive, nervous, endocrine, cardiovascular, urinary, and 
reproductive.

Hair

Skin

Integumentary System
Provides protection, regulates temperature, 
prevents water loss, and helps produce 
vitamin D. Consists of skin, hair, nails, and 
sweat glands.

Skull

Clavicle

Sternum
Humerus

Vertebral
column

Radius
Ulna

Femur

Ribs

Pelvis

Tibia

Fibula

Skeletal System
Provides protection and support, allows 
body movements, produces blood cells, and 
stores minerals and adipose. Consists of bones, 
associated cartilages, ligaments, and joints.

Temporalis

Pectoralis 
major

Biceps
brachii

Rectus
abdominis

Sartorius

Quadriceps
femoris

Muscular System
Produces body movements, maintains posture, 
and produces body heat. Consists of muscles 
attached to the skeleton by tendons.

Brain

Spinal cord

Nerve

Cauda
equina

Nervous System
A major regulatory system that detects 
sensations and controls movements, 
physiological processes, and intellectual 
functions. Consists of the brain, spinal cord, 
nerves, and sensory receptors.

Endocrine System
A major regulatory system that influences 
metabolism, growth, reproduction, and many 
other functions. Consists of glands, such as the 
pituitary, that secrete hormones.

Hypothalamus

Pituitary

Thymus

Adrenals

Ovaries
(female)

Pineal 
gland

Thyroid
Parathyroids
(posterior 
part of 
thyroid)

Pancreas
(islets)

Testes
(male)

Superior
vena cava

Inferior
vena cava

Brachial
artery

Carotid
artery

Jugular
vein

Heart

Pulmonary 
trunk

Abdominal
aorta

Femoral
artery and
vein

Cardiovascular System
Transports nutrients, waste products, gases, 
and hormones throughout the body; plays 
a role in the immune response and the 
regulation of body temperature. Consists of 
the heart, blood vessels, and blood.
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8 PART 1  Organization of the Human Body

FIGURE 1.3 (continued)

Kidney

Ureter

Urinary
bladder

Urethra

Urinary System
Removes waste products from the blood and 
regulates blood pH, ion balance, and water 
balance. Consists of the kidneys, urinary 
bladder, and ducts that carry urine.

Mammary 
gland
(in breast)

Uterine 
tube

Ovary

Uterus

Vagina

Female Reproductive System
Produces oocytes and is the site of fertilization 
and fetal development; produces milk for the 
newborn; produces hormones that influence 
sexual function and behaviors. Consists of the 
ovaries, uterine tubes, uterus, vagina, mammary 
glands, and associated structures.

Seminal
vesicle

Prostate 
gland

Testis

Penis

Ductus
deferens

Epididymis

Male Reproductive System
Produces and transfers sperm cells to 
the female and produces hormones that 
influence sexual functions and behaviors. 
Consists of the testes, accessory structures, 
ducts, and penis.

Thymus 

Lymphatic
vessel

Tonsils

Cervical
lymph 
node

Axillary
lymph 
node

Mammary
plexus

Thoracic 
duct

Spleen

Inguinal
lymph node

Lymphatic System
Removes foreign substances from the blood 
and lymph, combats disease, maintains tissue 
fluid balance, and absorbs dietary fats from 
the digestive tract. Consists of the lymphatic 
vessels, lymph nodes, and other lymphatic 
organs.

Nose

Nasal 
cavity

Pharynx
(throat)
Larynx

Trachea
Bronchi

Lungs

Respiratory System
Exchanges oxygen and carbon dioxide 
between the blood and air and regulates blood 
pH. Consists of the lungs and respiratory 
passages.

Oral cavity
(mouth)

Liver

Gallbladder

Appendix

Rectum

Anus

Pharynx
(throat)

Salivary 
glands

Esophagus

Stomach

Pancreas

Small
intestine

Large
intestine

Digestive System
Performs the mechanical and chemical 
processes of digestion, absorption of 
nutrients, and elimination of wastes. Consists 
of the mouth, esophagus, stomach, intestines, 
and accessory organs.

 5. Development includes the changes an organism undergoes 
through time, beginning with fertilization and ending at 
death. The greatest developmental changes occur before 
birth, but many changes continue after birth, and some go 

on throughout life. Development usually involves growth, 
but it also involves differentiation and morphogenesis. 
Differentiation involves changes in a cell’s structure 
and function from an immature, generalized state to a 
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9CHAPTER 1 The Human Organism

mature, specialized state. For example, following fertiliza-
tion, immature cells differentiate to become specific cell 
types, such as skin, bone, muscle, or nerve cells. These 
differentiated cells form tissues and organs. Morphogenesis 
(mōr-fō-jen′ĕ-sis) is the change in shape of tissues, organs, 
and the entire organism. 

 6. Reproduction is the formation of new cells or new organ-
isms. Reproduction of cells allows for growth and devel-
opment. All living organisms pass on their genes to their 
offspring.

ASSESS YOUR PROGRESS

8. What are the six characteristics of living things? Briefly  
explain each.

9. How does differentiation differ from morphogenesis?

1.4 Biomedical Research

LEARNING OUTCOME

After reading this section, you should be able to

A. Explain why it is important to study other organisms 
along with humans.

Studying other organisms has increased our knowledge about 
humans because humans share many characteristics with other 
organisms. For example, studying single-celled bacteria has 
allowed scientists to utilize bacteria to synthesize certain human 
medicines such as insulin. However, some biomedical research 
cannot be accomplished using single-celled organisms or isolated 
cells. Sometimes other mammals must be studied, as evidenced by 
the great progress in open-heart surgery and kidney transplantation  
made possible by perfecting surgical techniques on other mam-
mals before attempting them on humans. Strict laws govern the 
use of animals in biomedical research; these laws are designed to 
ensure minimal suffering on the part of the animal and to discour-
age unnecessary experimentation.

Although much can be learned from studying other organ-
isms, the ultimate answers to questions about humans can be 
obtained only from humans because other organisms differ from 
humans in significant ways. A failure to appreciate the differences 
between humans and other animals led to many misconceptions 
by early scientists. One of the first great anatomists was a Greek 
physician, Claudius Galen (ca. 130–201). Galen described a large 
number of anatomical structures supposedly present in humans 
but observed only in other animals. For example, he described the 
liver as having five lobes. This is true for rats, but not for humans, 
who have four-lobed livers. The errors introduced by Galen per-
sisted for more than 1300 years until a Flemish anatomist, Andreas 
Vesalius (1514–1564), who is considered the first modern anato-
mist, carefully examined human cadavers and began to correct 
the textbooks. This example should serve as a word of caution: 
Some current knowledge in molecular biology and physiology has 
not been confirmed in humans.

ASSESS YOUR PROGRESS

10. Why is it important to recognize that humans share many, 
but not all, characteristics with other animals?

1.5 Homeostasis

LEARNING OUTCOMES

After reading this section, you should be able to

A. Define homeostasis and explain why it is important  
for proper body function.

B. Describe a negative-feedback mechanism and give  
an example.

C. Describe a positive-feedback mechanism and give  
an example.

Homeostasis (hō′mē-ō-stā′sis) is the existence and maintenance of a 
relatively constant environment within the body. To achieve homeo-
stasis, the body must actively regulate conditions that are constantly 
changing. As our bodies undergo their everyday processes, we are 
continuously exposed to new conditions. Changes in our environ-
mental conditions, such as hot or cold outdoor temperatures, are 
called variables because their values are not constant. For cells to 
function normally, the volume, temperature, and chemical content of 
their environment must be maintained within a narrow range. 

One of the most well-known examples of homeostasis is 
body temperature. Body temperature is a variable that increases 
when you are too hot and decreases when you are too cold. 
Homeostatic mechanisms, such as sweating or shivering, nor-
mally maintain body temperature near an ideal normal value, or 
set point (figure 1.4). Note that these mechanisms are not able to 
maintain body temperature precisely at the set point. Instead, body 
temperature increases and decreases slightly around the set point 
to produce a normal range of values. As long as body tempera-
ture remains within this normal range, homeostasis is maintained. 
Keep in mind that the fluctuations are minimal, however. Note in 
figure 1.4 that the normal body temperature range is no more than  
1 degree Fahrenheit above or below normal. Our average body tem-
perature is 98.6 degrees Fahrenheit. Just as your home’s thermostat  
does not keep the air temperature exactly at 75 degrees Fahrenheit 
at all times, your body’s temperature does not stay perfectly stable.

The organ systems help keep the body’s internal environment 
relatively constant. For example, the digestive, respiratory, cardio-
vascular, and urinary systems work together, so that each cell in the 
body receives adequate oxygen and nutrients while also ensuring 
that waste products do not accumulate to a toxic level. If body fluids 
deviate from homeostasis, body cells do not function normally and 
can even die. Disease disrupts homeostasis and sometimes results 
in death. Modern medicine attempts to understand disturbances 
in homeostasis and works to reestablish a normal range of values.

Negative Feedback
Most systems of the body are regulated by negative-feedback 
mechanisms, which maintain homeostasis. In everyday terms, 
the word negative is used to mean “bad” or “undesirable.” In this 
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